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Abstract 
This study investigated the response of macrophytes to physico-chemical factors in seven South African 
estuaries and showed that dominant salt marsh species that occur in different estuaries respond to the same 
environmental factors.  The most important variables influencing distribution were elevation, water level, 
sediment- and groundwater electrical conductivity and depth to the water table. In permanently open estuaries 
(Kromme and Olifants) transect surveys identified three distinct vegetation zones i.e. submerged macrophytes, 
intertidal salt marsh and supratidal salt marsh. In the Kromme Estuary intertidal salt marsh (81.2 ha) covered 
extensive areas, whereas supratidal (143 ha) and floodplain (797.1 ha) salt marsh were dominant in the Olifants 
Estuary.  Transect surveys identified four distinct vegetation zones (submerged macrophytes, intertidal salt 
marsh, supratidal salt marsh and reeds and sedges) in the temporarily open/closed estuaries (Mngazi, Great Brak, 
East Kleinemonde and Seekoei estuaries), although all zones did not occur in all of the estuaries sampled. In the 
Mngazi Estuary reeds and sedges (1.09 ha) covered extensive areas (no submerged or salt marsh vegetation was 
present), whereas salt marsh (Great Brak 24.45 ha, East Kleinemonde 17.44 ha and Seekoei 12.9 ha) vegetation 
was dominant in the other estuaries. Despite the geographic differences, environmental factors influencing 
macrophyte distribution were similar in all estuaries. Canonical Correspondence Analysis showed that 
vegetation distribution was significantly affected by elevation, groundwater and sediment electrical conductivity 
and depth to groundwater. Supratidal species were associated with a greater depth to groundwater (1.2 ± 0.04 m; 
n = 153) compared to intertidal species (0.5 ± 0.01 m; n = 361). Correlation analysis showed that water level and 
rainfall were correlated with groundwater electrical conductivity in the lower and upper intertidal zones for all 
the estuaries sampled. These data indicate the influence of the estuary channel on the physico-chemical 
conditions of the salt marsh. Low rainfall (16 ± 3.3 mm per annum) in the Olifants Estuary (30-100 mS cm
-1
) 
and lack of freshwater flooding in the Kromme Estuary (42-115 mS cm
-1
) have resulted in high sediment 
electrical conductivity by comparison with the other estuaries sampled. In the Orange River Estuary 
approximately 70 ha of salt marsh have been lost through the building of a causeway and flood control levees. 
Even though salt marsh vegetation can tolerate hypersaline sediments by using the less saline water table, the 
groundwater at the Orange River Estuary was too saline (avg. of 90.3 ± 6.55 mS cm
-1
, n = 38) to be of use to the 
dominant floodplain species, Sarcocornia pillansii. Freshwater inflow to estuaries is important in maintaining 
longitudinal salinity gradients and reducing hypersaline conditions. In the Olifants Estuary and the Orange River 
Estuary where supratidal salt marsh is dominant, freshwater inflow is important in raising the water level and 
maintaining the depth to groundwater and salinity. Lack of freshwater inflow to the Kromme Estuary has 
highlighted the importance of rainfall in maintaining sediment salinity within acceptable ranges for the salt 
marsh. Macrophytes are relatively good indicators of physico-chemical factors in estuaries. From an 
understanding of the response of specific species to environmental variables, ecological water requirements can 
be set and sensitive areas can be rehabilitated. 
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Chapter 1: General Introduction 
Macrophytes are aquatic plants that may be emergent, submergent, or floating in or near water. They are 
beneficial to estuaries because they provide cover for fish and substrate for aquatic invertebrates (Adams et al., 
1999; Cazanelli et al., 2008; Booth, 2009; Henninger et al., 2009). Xie et al. (2001) showed that diversity, 
density and biomass of small fishes in the Liangzi Estuary, China, were significantly higher in the vegetated 
region than in the vegetation-free region in both near-shore and mid-estuary areas. Macrophytes also produce 
oxygen, which assists with overall estuary functioning, and provides food for some fish and other wildlife 
(Adams et al., 1999; Bickel and Closs, 2007; Nel and Somers; 2007; Henninger et al., 2009). Crowder and 
Painter (1991) indicated that a lack of macrophytes in a system where they are expected to occur may suggest a 
reduced population of sport and forage fish and waterfowl. In addition, the absence of macrophytes may also 
indicate water quality problems as a result of excessive turbidity, herbicides, and/or salinization. However, an 
overabundance of macrophytes can occur as a result of high nutrient levels and may interfere with estuary 
processing, recreational activities (e.g., swimming, fishing, and boating), and detract from the aesthetic appeal of 
the system (Crowder and Painter, 1991). For example, in the Great Brak Estuary decaying mats of filamentous 
algae have adversely impacted on the social acceptability of the water and are often the reason for the artificial 
breaching of the mouth (Allanson and Baird, 1999). 
 
According to Crowder and Painter (1991), macrophytes are excellent indicators of ecosystem health because 
they:  
 
1. Respond to nutrients, light, toxic contaminants, metals, herbicides, turbidity, water level change, 
and salt;  
2. Are easily sampled through the use of transects or aerial photography;  
3. Do not require laboratory analysis;  
4. Are easily used for calculating simple abundance matrics; and  
5. Are integrators of environmental condition.   
 
Freshwater flow into South African estuaries is generally low and limited. In many estuaries inflow rates average 
less than 1 m
3
 s
-1
.  The inflow of freshwater into estuaries is reduced by dams built in catchment areas to supply 
water for agricultural, industrial and domestic use (Siegfried, 1978; Allanson and Baird, 1999; Adams et al., 
1992). This threatens estuarine ecosystems, since fauna and flora of estuaries are uniquely adapted to varying 
freshwater inputs (Adams et al., 1992; Shaffer et al., 2009). In the Kromme Estuary the flow pattern has been 
modified by two large dams, i.e. the Churchill Dam and the Mpofu Dam (Bickerton and Pierce, 1988; Bate and 
Adams, 2000). Both dams have the combined capacity for storing ca 133 % of the mean annual run-off of the 
Kromme River catchment (Scharler and Baird, 2000) resulting in high water column salinity throughout the year 
and the occasional occurrence of hypersaline conditions in the upper reaches. Studies of various biological 
disciplines have often characterised the estuary as freshwater-starved (e.g. Marais, 1983; Hanekom and Baird, 
1984; Emmerson and Erasmus, 1987; Adams et al., 1992; Newman, 1993; Jerling and Wooldridge, 1994). Data 
collected during the past 30 years show that both the Sand and Geelhoutboom Rivers, the biggest tributaries of 
the Kromme Estuary, are not viable freshwater contributors to the system (Scharler et al., 1997), due to 
numerous small agricultural dams within the respective catchments.  
 
The South African National Water Act (Act 36 of 1998), states that the ecological reserve must be determined 
for estuaries prior to the abstraction of freshwater. This is the amount of water required by the estuary to ensure 
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its structure and function within a particular health class (Adams et al., 1992). A decreased freshwater supply to 
estuaries can result in a decreased flushing potential of freshets and floods (Wolanski et al., 2004; Scharler and 
Baird, 2005). The south bank of the Orange River Estuary, is characterized by a large floodplain that was 
historically covered with salt marsh vegetation. A sequence of events, most notably the construction of a 
causeway, building of flood control levées and the 1988 flood, led to the loss of approximately 90% of the 
floodplain salt marsh (Bornman et al., 2004b). The adaptation of macrophytes to physico-chemical factors must 
be understood to increase the chances of successful rehabilitation of degraded estuarine vegetation and predict 
responses to changes in freshwater inflow. 
 
The objectives of this study were to: 
1. Relate the distribution of macrophytes to physico-chemical factors in a range of estuaries. 
2. Quantify, from aerial photographs, the historical changes in macrophyte distribution in a range of 
estuaries. 
 
Hypotheses to be tested were: 
1. Macrophyte species are found in the same elevation zones at different estuaries. 
2. The distribution of macrophytes are primarily influenced by elevation above mean sea level. 
3. Sediment electrical conductivity is influence by the groundwater electrical conductivity. 
4. The distribution of species is correlated to depth to groundwater and groundwater electrical 
conductivity in supratidal areas where tidal flushing is limited. 
5. In extreme environments, dry hypersaline (> 35 PSU) conditions cause die-back of vegetation, i.e. the 
Orange River Estuary. 
 
Chapters 3 and 4 discuss the temporal and spatial patterns influencing macrophytes in permanently open 
(Kromme and Olifants estuaries) and temporarily open/closed estuaries (Great Brak, Seekoei, East Kleinemonde 
and Mngazi estuaries) in South Africa. In estuaries around the world bad management practices have resulted in 
the extensive loss of macrophytes (Kennish, 2001; Korner, 2002; Jefferies and Rockwell, 2002; Hartig et al., 
2002; Silliman and Bertness, 2004; Bornman et al., 2004b; Suding et al., 2005; Martone and Wasson, 2008). 
Chapter 5 focuses on one such case, the Orange River Estuary and whether this system can be successfully 
rehabilitated. The Orange River Estuary is a river mouth according to Whitfield‟s classification of South African 
estuaries (Whitfield, 2000). The data for this study site were considered separately as this site is degraded and 
influenced by extreme physico-chemical conditions. Chapter 6 focuses on the practicality of using emergent 
macrophyes as indicators of physico-chemical conditions in estuaries.  
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Chapter 2: Literature Review 
2.1 Macrophyte Communities 
2.1.1 Submerged Macrophytes 
Submerged macrophytes are primary colonizers of mudflats and sandflats. They are those angiosperms that are 
rooted in soft subtidal and low intertidal substrata (Day, 1981). The plants‟ leaves and stems are completely 
submersed for most states of tide. They vary in abundance in water ranging from polyhaline (above 30 PSU) to 
fresh (0 PSU) (Day, 1981). The polyhaline species have a worldwide distribution in sheltered bays and estuaries. 
Zostera, Halophila, Ruppia, Potamogeton and Zannichellia are the common temperate species (Day, 1981). 
Zostera capensis Setch. is the most common submerged macrophyte in permanently open South African 
estuaries, occurring from the southern Cape to St. Lucia (Edgecumbe, 1980; Lubke and van Wijk, 1988). Dense 
eelgrass (Zostera capensis) beds occupy the mudflats of the intertidal and shallow subtidal zone in permanently 
open South African estuaries. These form a distinct zone at the lowest regions of the intertidal, only being 
exposed at the lowest spring tides. Halophila ovalis (R. Br.) Hook. f.  is another widespread species that occurs 
along the east coast, as far south as Knysna. It grows on sand at the low tide mark, often competing with Zostera 
capensis (O‟ Callaghan, 1987; Adams et al., 1999). 
 
In less saline and more sheltered waters the other submerged macrophytes, namely Ruppia, Potamogeton and 
Zannichellia, may be found. These species are all very similar with narrow leaves and small inconspicuous 
flowers (Lubke and van Wijk, 1988). Aquatic macrophyte populations of brackish water are characterized by a 
low species diversity and vulnerability to changes in environmental conditions (Weisser et al., 1992). Studies on 
the submerged aquatic macrophytes of the Wilderness estuaries of the southern Cape showed that, during the 
senescence phase, no new macrophyte species invaded the previously occupied littoral zone and recolonization 
was limited to five species (Weisser et al., 1992). Potamogeton pectinatus L. is cosmopolitan and the most 
common brackwater submerged macrophyte in South Africa. Ruppia cirrhosa (Petagna) Grande, is common in 
periodically open estuaries characterized by fluctuating salinities, but can also be found in the calm brackish 
upper reaches of permanently open estuaries (Adams et al., 1992; Adams and Bate, 1994; Adams et al., 1999). 
 
Submerged macrophytes help to oxygenate the hypolimnion, i.e. the layer of water in a thermally stratified lake 
that lies below the thermocline, is noncirculating, and remains perpetually cold (Titus et al., 2004), and increase 
the depth of the oxidized microzone at the sediment surface (thus reducing phosphate and ammonia release). 
Submerged macrophytes also play an essential role in nutrient trapping and recycling (Cacador et al., 2000; Titus 
and Pagano, 2002; Riis et al., 2004; Titus et al., 2004; Lillebo et al., 2006; Figueiredo da Silva et al., 2009). In 
the Wilderness estuaries, Potamogeton pectinatus contributed more than 70 % of the total submerged biomass of 
the estuary (Weisser and Howard-Williams, 1982). Similarly, in the Bot River Estuary submerged macrophytes 
contributed 72 % of the total production of 13 000 tons dry weight per year (Branch et al., 1985; Adams et al., 
1999).  
 
Submerged macrophytes reduce water movement on the estuary bottom, preventing resuspension of the 
sediments (Adams et al., 1999; Noges et al., 2003; James et al., 2004b; Riis et al., 2004) and therefore reducing 
the release of phosphorus (Sondergaard et al., 2003). Numerous studies have shown that high loading of 
phosphorus leads to high phytoplankton biomass, turbid water and often undesired biological changes 
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(Sondergaard et al., 2003; James et al., 2004a; James et al., 2004b). The latter includes loss of biodiversity, 
disappearance of submerged macrophytes, fish stock changes and decreasing top-down control by zooplankton 
on phytoplankton (Sondergaard et al., 2003; Schutten et al., 2004). Increased resuspension, due to the scarcity of 
submerged macrophytes and the longer wind fetch in the Kaiavere Estuary, Estonia, resulted in higher 
concentrations of total nutrients and suspended solids, resulting in increased turbidity (Noges et al., 2003). James 
et al. (2004b) reported that dense meadow-forming Chara beds were very effective in reducing sediment 
resuspension and turbidity in the Veluwemeer Estuary, Netherlands. Hughes and Paramor (2004) reported that 
the loss of Zostera from the Stour Estuary, England, caused the erosion of 15x 10
6
 m
3
 of sediment and increased 
its tidal volume by 30 %. 
 
Submerged macrophytes are also an important habitat for invertebrates, fish and birds (Noordhuis et al., 2002; 
Van den Berg et al., 2003; Booth, 2009; Henninger et al., 2009). Zostera beds provide shelter for juvenile fish 
and protect them from predators. Zhang et al. (2004) reported that monthly densities of juvenile blue crabs in 
Christmas Bay, Texas, were the highest in submerged macrophytes beds (2.8-50.6 m
2
), intermediate in salt 
marsh (1.3-22.1 m
2
) and the lowest on bare sand (0.6-5.6 m
2
). Submerged macrophytes can be grazed directly 
but food for consumer organisms is mostly provided indirectly through their feeding on epiphytic algae growing 
on plant surfaces (Thayer et al., 1975; Larkum and West, 1990; Walker and McComb, 1992; Adams et al., 1999; 
Titus et al., 2004; Rolon and Maltchik, 2006; Henninger et al., 2009). 
2.1.2 Reed, Rush and Sedge Communities 
Extensive reed, rush and sedge communities may be found at freshwater seeps and at the head of estuaries, 
where there is greater freshwater influence. The dominant plants in this community are rushes such as Juncus, or 
sedges such as Scirpus. Mats or swards of grasses, such as Sporobolus virginicus (L.) Kunth or Stenotaphrum 
secundatum (H. Walter) Kuntze are common on raised banks or at the edge of reed swamp or salt marshes in 
South Africa (Lubke and van Wijk, 1988). Phragmites australis (Cav.) Trin. Ex Steud. is a common estuarine 
reed that may also be associated with disturbed areas where the normal saltwater flushing has been arrested 
(Clark, 1977; Lubke and van Wijk, 1988). It can, however, tolerate salinities close to seawater, unlike plants 
such as Typha, Scirpus and Cyperus. Salinity restricts the distribution of reed, rush and sedge communities in 
estuaries, although groundwater seepage can play an important role in influencing salinity in marginal reedbeds 
(Adams and Bate 1999). 
 
Reed, rush and sedge communities serve the valuable ecological function of protecting banks from erosion. 
Destruction of Phragmites australis (common reed) stands by boating and swimming activities in Europe has 
been shown to result in costly shore rehabilitation programmes (Weisser and Howard-Williams, 1982). Jiangsu 
Province and Tianjin, China, have spent approximately 10 million (R 11 410 722) and 400 million Yuan (R 456 
428 864) respectively on damage caused by severe storm surges as a result of the removal of Spartina 
alterniflora beds (Zhang et al., 2004). Phragmites-dominated marshes provide a habitat for many birds, 
invertebrates and fish species (Haslam, 1971). They can remove large quantities of nutrients from the water 
column and are so effective that they are used as water purification systems in artificial wastewater treatment 
systems (Wolverton, 1982; Hoffman, 1990; Brix, 1993; Adams et al., 1999; Nemeth and Lakner, 2002; Meers et 
al., 2005; Tian et al., 2009; Ruiz and Velasco, 2009). Todorovics et al. (2005) showed that reedbed waste water 
treatment systems have an organic removal efficiency rate similar to that of the conventional activated sludge 
treatment, plus a higher nutrient retention ability, and are therefore beneficial against eutrophication. Reed, rush 
and sedge communities have an important utilitarian value, particularly in the rural areas of KwaZulu-Natal 
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(Begg, 1986). The sedge, Juncus kraussii Hochst. is used for the construction of sleeping mats and numerous 
craftwork products. Hut-building and thatching material is obtained from Phragmites (Adams et al., 1999). 
2.1.3 Salt Marsh Communities 
Salt marshes comprise emergent herbs, grasses or low shrubs that occur in soils that are inundated and drained 
by tidal action (Nybakken, 2001). They are highly productive ecosystems, and have primary productivity rates 
comparable with coral reefs and tropical forests in certain areas (Silliman and Bortolus, 2003; Bromberg and 
Bertness, 2005). Salt marshes occur along the southeastern, southern and western coasts of South Africa in 
estuaries, dry river beds and embayments. In subtropical climates north of the Kei River, mangrove swamps are 
favoured (Nybakken, 2001). Species diversity of salt marshes is poor, mostly because of the specialised 
environment and high salt conditions which create an uninhabitable environment (Nybakken, 2001). Although 
salt marsh plants are generally associated with euhaline conditions, high salinity is not physiologically optimal 
for them. Consider for example Chapman (1960), who showed that few species will germinate in salinity greater 
than 20 PSU; Ungar (1962), who found that germination of succulent halophytes decreased when the particular 
limits of salt tolerance was reached for each species; and results of several field and laboratory studies which 
have shown that the growth rates of many salt marsh species increase as salinity decreases (Phleger, 1971; Smart 
and Barko, 1978; Price et al., 1988). The latter generally applies to species that have a low salinity tolerance 
range, e.g. Sporobolus virginicus (Breen et al., 1977), however even the more salt tolerant species (e.g. Spartina 
foliosa Trin.) show better growth rates under lower salinity  conditions (Phleger, 1971). The effects of 
decreasing salinity for various periods have been studied by Zedler (1983). She found that a short-term (< 1 
year) reduction in salinity from 35 PSU to 14 PSU in a Spartina foliosa dominated salt marsh in California led to 
a 40 % increase in productivity of that species. A similar decrease in salinity in a Salicornia virginica L.  
dominant marsh led to a 160 % increase in productivity. 
 
Salt marsh plants occur in distinct zones along an elevation and tidal inundation gradient (Davy, 2000; Rogel et 
al., 2000; Rogel et al., 2001; Bockelmann et al., 2002; Costa et al., 2003; Ursino et al., 2004; Hughes and 
Paramor, 2004; Perry and Atkinson, 2009). In areas above the normal spring tide a supratidal area occurs that are 
only inundated with water on an occasional basis. Here the grasses Stenotaphrum secundatum (H. Walter) 
Kuntze and Cynodon dactylon (L.) Pers. co-exist with Sporobolus virginicus (Day, 1981; O‟ Callaghan, 1994; 
Adams et al., 1992). Sarcocornia pillansii (Moss) A.J.Scott, is also found in this latter zone together with 
Disphyma crassifolium (L.) L.Bolus and Plantago crassifolia Forssk. From the extreme high water spring tide 
level to the mean high water spring level, the vegetation consists of a mixed zone of Sarcocornia decumbens 
(Tölken) A.J.Scott, Limonium scabrum (Thunb.) Kuntze and Bassia diffusa (Thunb.) Kuntze and is characteristic 
of the upper intertidal salt marsh (O‟ Callaghan, 1994). Between the mean high water spring and the mean high 
water neap level, Sarcocornia perennis (Mill.) A.J.Scott and Triglochin bulbosa L. are dominant (Day, 1981; O‟ 
Callaghan, 1994). Spartina maritima (Curtis) Fernald is found from the bottom of this zone to the zone that 
occurs below mean sea level. Until recently, Spartina maritima was the only Spartina species found in South 
Africa (Adams and Bate, 1995), however during this study the presence of Spartina alterniflora Loisel. was 
documented in the Great Brak Estuary. Zostera capensis Setch. grows below mean sea level and thus marks the 
end of the salt marsh species extent.  
 
Marsh plants are important inorganic and organic nutrient sources for estuarine ecosystems (Sousa et al., 2008), 
although the extent of tidal flushing is important in determining how much of the nutrient is released to the water 
column (Teal and Howes, 2000). Bacteria and other microorganisms break down the plant material and the 
“filter-feeders” sieve out the fine organic particles as a food source (Teal and Howes, 2000; Galvan, 2008). In 
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this way the plants offer feeding opportunities to a broad spectrum of animal life, thus playing an essential role 
in the functioning of the estuarine foodweb. 
 
Salt marshes and wetlands are important habitats and the destruction thereof can have significant ecological and 
economic implications. For example, salt marshes provide a critical habitat for resident and migrating wildlife 
(Montalto and Steenhuis, 2004) and a unique niche for some crustacean and mollusc invertebrates (Bromberg 
and Bertness, 2005). These organisms are specifically adapted to marshes, and are not found in other parts of the 
estuary. Salt marsh areas provide feeding areas for fish during flood tides as they enter the marsh creeks to feed 
off the substrate, or prey on abundant mudprawn (Montalto and Steenhuis, 2004; Bromberg and Bertness, 2005; 
Rozas et al., 2005). It has been reported that global shrimp catches are directly related to the area of marsh in the 
shrimp nursery grounds Zhang et al. (2004). Mitsch and Gosselink (2000) reported that over 95 % of the fish and 
shellfish species harvested commercially in the United States are wetland dependent. The destruction of North 
Atlantic coastal marshes is reported to be partially responsible for an 80 % decline in commercial fishery landing 
of estuarine-dependent species since 1920 in Connecticut, New York and New Jersey (Zhang et al., 2004). 
 
Salt marsh macrophytes promote sedimentation by reducing velocities and increasing sheet flow. Spartina has 
been known for stabilizing and building up mudflats (Chung et al., 2004). Salt marsh is also important in coastal 
flood defense (Bromberg and Bertness, 2005), as it offers some protection from wave action. There is a near 
linear relationship between the loss of the width of a fronting salt marsh and the increase in expenditure 
necessary to maintain a given standard of flood protection, until the loss of the final thin strip necessitates an 
exponential rise in expenditure (Hughes and Paramor, 2004). Hughes and Paramor (2004) reported that the loss 
of salt marsh from Essex alone would cost £600 million (R7 737 578 661) for the increased maintenance of the 
sea walls. On this basis an annual loss of 1 % in salt marsh is valued at £6 million (R77 375 787). Consequently, 
preserving or restoring even small areas of salt marsh may lead to substantial cost savings and a suitable coastal 
defense solution, particularly for the 25 % of the Essex coast in which increased maintenance of the sea walls is 
deemed uneconomic as it would cost more than the value of the land protected (Hughes and Paramor, 2004). 
 
The ecological function and physical stability of marshes are easily disrupted by, for example, interference with 
the tidal exchange of water, reclamation or infilling, pollution, dredging or trampling by vehicles or animals 
(Chapman, 1960; Ungar, 1962; Tolken, 1967; Ungar, 1978; Gray, 1986; Baird et al., 1992; Naidoo and 
Mundree, 1993; Adams and Bate, 1995).  
2.2 Factors Affecting the Distribution of Estuarine Macrophytes  
Complex interactions of physical and biological processes within estuarine systems are easily upset, not only by 
local factors (i.e. factors within the estuary itself) but also by activities in the catchment and the inshore marine 
environment (Figure 2-1). Factors that affect the distribution of estuarine macrophytes are discussed below. 
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 Figure 2-1: Environmental factors influencing salt marsh vegetation (modified after 
Nybakken, 2001). 
2.2.1 Nutrients 
Nutrients in estuaries are largely allochthonous with most being brought down by the river from the catchment 
area or, more rarely, being imported from the sea by tidal exchange (Hart and Allanson, 1984; Kennish, 1986). 
In the Kariega Estuary, South Africa, the mean nitrate and phosphate concentrations increased during the wet 
period (Grange et al., 2000). Nutrients may also be derived from within the estuary itself. When floods are 
periodic and of short duration, nutrients carried by the floodwater (e.g. from anthropogenic sources in the 
catchment such as fertilizers and sanitation) may contribute to increase diversity and productivity (Desilets and 
Houle, 2005). Reduced freshwater inflow will result in the loss of land-derived nutrients and organic detritus that 
is a food source for a variety of estuarine organisms (Day, 1981). Blockage of nutrients by the Aswan Dam in 
Egypt so diminished the productivity of the eastern Mediterranean Sea, that the Egyptian sardine fishery was 
ruined (Clark, 1977). Altered flow patterns will also change the distribution of nutrients within the system 
(Grange et al., 2000; Harris, 2001; Sutula et al., 2003). 
 
The natural source of most nitrogen and phosphorus in estuaries is from the weathering of rocks and leaching of 
soil on land (Day, 1981; Adams et al., 1999). Nixon (1981) suggests that the nutrients introduced by the river do 
not significantly influence productivity, but rather the recycling of nutrients within the estuary that is the 
important factor contributing to high productivity. According to Hobbie (1976) nutrients are remobilized from 
the sediments under higher flow conditions. Advective processes such as bioturbation by benthic fauna, waves 
and tidal currents resuspend bottom sediments, which increase the exchange of phosphorus between the 
sediment and water column (Day, 1981; Adams et al., 1999).   
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At present, anthropogenic activity is a major source of nutrient elements in some systems. Increased sewage 
production, agricultural fertilization and urbanization have resulted in accelerated inflow of nutrients during the 
past two decades (Kennish, 1986; Davis et al., 2004; Turner et al., 2009). In a review of inorganic nutrient 
loading to the coastal seas, Smith et al. (2003) estimated that the total global loads of dissolved inorganic 
phosphate and dissolved inorganic nitrogen are almost three times the amount calculated by Meybeck (1982) for 
the year 1970. Fertilizers applied to agricultural fields are, generally, not entirely used, so that a substantial 
amount is washed from the sediment into rivers and estuaries, placing increasing demands on the filtering role of 
ecosystems (Scharler and Baird, 2005). An over-supply of nutrients through eutrophication of estuaries and the 
continental shelf is extensively documented in the literature (Conley et al., 1993; Paerl, 1997; Howarth, 1998; 
Sand-Jensen et al., 2000; Bowan and Valiela, 2001; Bertness et al., 2002; Anderson et al., 2002; Howarth et al., 
2002; de Jonge et al., 2002; Egertson et al., 2004; Paerl et al., 2006; Pennings et al., 2002; Bertness et al., 2007; 
Turner et al., 2009).  
 
The addition of land-derived nutrients to the water column usually leads to increased nuisance macroalgal 
populations, which outcompete submerged macrophytes for nutrients and light, thereby decreasing diversity 
(Howard-Williams and Allanson, 1978; Verhoeven and van Vierssen, 1978; Short et al., 1995; Hauxwell et al., 
2001, 2003, 2006; Morand and Merceron, 2005). Blooms of water hyacinth (Eichhornia crassipes (Mart.) 
Solms) can occur (King et al., 1989) and blooms of macroalgae (Addy et al., 2005), particularly filamentous 
green algal species of Ulva and Cladophora, have long been associated with eutrophic conditions (Josselyn and 
West, 1985; McGlathery, 2001; Taylor et al., 2001; Hauxwell et al., 2001; Kamer et al., 2001; Dolbeth et al., 
2003; Hauxwell et al., 2003; Marques et al., 2003; Cardoso et al., 2005; Teichberg et al., 2010). Dolbeth et al. 
(2003) showed that even though macroalgal blooms benefited the total estuarine production in eutrophied areas, 
the increase was short lived and in no way sufficient to match the production in the Zostera meadows. Therefore, 
the loss of macrophyte beds due to an increase in macroalgae in estuaries as a result of ongoing eutrophication, 
constitutes a major threat to the sustainability of the estuarine ecosystem (Dolbeth et al., 2003).  
 
In the Zeekoeivlei, South Africa, Potamogeton pectinatus was dominant until sewage discharge into the system 
from the Cape Flats increased, leading to a bloom of algal species, including Scenedesmus, Cosmarium, 
Closterium, Anabaena, Oscillatoria, Cladophora and Rhizoclonium (Bickerton, 1982). In the Rhode Island 
lagoons, nitrogen enrichment increased the green algae populations, which outcompeted Ruppia maritime L., a 
preferred food source for waterfowl (Lee and Olsen, 1985).  Verhoeven and van Vierssen (1978) reported that 
extensive macroalgae populations in „de Bol‟ Texel (Netherlands) threatened Zostera marina L. populations. 
Hauxwell et al. (2001; 2003) showed that Zostera marina has declined or disappeared in high nitrogen estuaries, 
via decreased recruitment or increased mortality of established shoots (Nixon et al., 2001; Hauxwell et al., 2003) 
as a result of light limitation or biogeochemical alterations imposed by algal overgrowth. Macroalgal blooms 
have been shown to adversely impact the social acceptability of water in the Great Brak Estuary (Allanson and 
Baird, 1999). These green algae form a blanket over the mudflats and marsh areas. This reduces the diversity and 
abundance of other plants and animals (Adams et al., 1999). Macroalgal mats are, however, important in 
creating micro-habitats for germination and growth of salt marsh seedlings. Riding and Awramik (2000) 
reported that mat stabilization enables seeding and germination of halophytic phanerogamic plants (plants 
adapted to living in saline conditions that produce seeds). 
 
Emergent macrophytes from brackish water appear to have a large capacity for nutrient uptake via increased 
productivity (Adams et al., 1999; Chiang et al., 2000; Meuleman et al., 2002; Ciria et al., 2005; Mäemets and 
Freiberg, 2005; Macek and Rejmankova, 2007). This was proved by the extremely high productivity of 
Phragmites in nutrient loaded Australian swamps (Hocking, 1989), and by using emergent macrophyte-
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dominated swamps as natural filters for sewage water (Sloey et al., 1978; Knight et al., 2000; DeBusk et al., 
2001; Vymazal, 2001; Hunt and Poach, 2001; Meuleman et al., 2002; Stottmeister et al., 2003; Solano et al., 
2004; Ciria et al., 2005; Lee and Scholz, 2007). However, while emergent reedswamp vegetation may reduce 
eutrophication by absorbing nitrogen and phosphate from inflowing polluted water (Mason and Bryant, 1975), it 
is sometimes claimed to increase eutrophication following the release of nutrients during decomposition 
(Kankaala et al., 2004). Simpson et al. (1983) concluded that marshes are a sink for nutrients, but only during 
the growing season. 
 
Marshes and reed beds have a capacity for coping with limited organic pollution (Day, 1981). They can improve 
the quality of water by acting as biological filters. Ji et al. (2004) showed that a mature reed wetland was 
effective at degrading extra heavy oils without extra fertilization in northeastern China. Phytotoxicity was 
observed in the most heavily treated beds, resulting in the reduction of reed yield. However, long term reed yield 
recovered robustly (Ji et al., 2004). Beyond a certain level of tolerance, however, the living processes break 
down and the nutrient assimilation capacity of these communities is destroyed. When the organic pollution load 
is exceeded the water becomes anoxic, nitrates and then sulphates are reduced and H2S is liberated (Day, 1981; 
Petts, 2001). This is toxic to most organisms and kills submerged plants and animals (Day, 1981). Reduced 
freshwater inflow prevents adequate dilution or flushing of pollutants, such as pesticides. This makes it more 
difficult to maintain natural water quality (Clark, 1977). Heavy metals, which might otherwise be lost to the sea, 
will precipitate and be absorbed onto sediment particles (Hart and Allanson, 1984). Emergent macrophytes are 
capable of removing heavy metals from contaminated sediments. Bulc and Sajn-Slak (2003) showed the 
efficiency of constructed wetlands in reducing heavy metals, i.e. Fe was reduced by 80 % and Cu, Zn, Cd, Ni 
and Pb (below limited level at inflow) was reduced by 90 %. Cheng et al. (2002) showed that after the 
application of Cd, Cu, Pb and Zn to a constructed wetland dominated by Cyperus alternifolius no heavy metals 
could be detected in the drainage zone or in the effluent. 
 
From a search of recent literature, it seems that little work has been done in South African estuaries on the 
potential of using estuarine macrophytes as indicators of nutrient conditions. What is evident is that nuisance 
green algal species outcompete, and in some cases replace submerged macrophyte species under high nutrient 
conditions as they compete for light and nutrients. The presence of blooms of nuisance green algal species such 
as Ulva, Eichhornia crassipes and Cladopohera spp. is indicative of eutrophic conditions. Internationally, 
research has been done on seagrass as an indicator of nutrient conditions. The high sensitivity of seagrasses to 
environmental deterioration, for example a decline of water transparency, coastal eutrophication, coastal erosion 
and warming, together with their widespread geographical distribution, convert them into excellent canaries of 
coastal deterioration (Orth et al., 2006). Lee et al. (2004) found the ratio of leaf N to leaf mass in Zostera marina 
to be a sensitive and consistent indicator of early eutrophication, and suggested the use of this ratio as a nutrient 
pollution indicator (NPI).  
 
Inorganic nutrients were not measured in this study for two reasons: firstly, it has been convincingly 
demonstrated that the main factors driving variance in macrophyte distribution in estuaries are salinity and 
freshwater inflow; and secondly, because inorganic nutrients present in the water column or benthos are not 
necessarily representative of levels that would have relevance to biota (e.g. an influx of nutrients associated with 
a flood event will be assimilated rapidly by biota therefore samples collected will not reflect the initial input that 
biota was exposed to). The use of bio-monitors and/or bio-indicators are a more accurate reflection of nutrient 
water quality – for example a large influx of high nutrients from a land-based source would rapidly be 
assimilated by algae and measuring the levels in the water column or sediment would provide meaningless data. 
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2.2.2 Water Column Salinity 
The dominant feature of the estuarine environment is the fluctuation in salinity. By definition, a salinity gradient 
exists at some time in an estuary, but the pattern of that gradient varies with the seasons, the topography of the 
estuary, the tides, and the amount of freshwater (Nybakken, 2001; Whitfield and Bate, 2007). Seasonal changes 
in salinity in the estuary are usually the result of seasonal changes in evaporation, freshwater flow or both. With 
the onset of increased freshwater flow, the salinity gradients are moved downstream toward the mouth. In areas 
where freshwater discharge is reduced or absent for part of the year (e.g. due to the construction of dams), higher 
salinities may be found further upstream (Nybakken, 2001; Murphy et al., 2003). This reduces vegetation 
diversity as marine submerged macrophyte communities extend into the upper reaches and displace the brackish 
communities (Adams and Talbot, 1992; Adams et al., 1992). McKee and Mendelssohn (1989) found that 
freshwater emergent macrophytes succumbed to sudden (< 1 day) salinity increases of 15 PSU and were 
replaced in the field by more salt tolerant species. At different seasons of the year, therefore, a given point in the 
estuary may experience different salinities (Nybakken, 2001; Murphy et al., 2003).  
 
Salinity is one of the most critical environmental factors determining the structure of estuarine submerged 
macrophyte communities, with extreme salinity fluctuations resulting in lower biomass and mortality (Murphy et 
al., 2003). This may pertain to both an increase and a decrease in salinity. Adams and Talbot (1992) showed that 
Zostera capensis increased by 130 % in the Kromme Estuary and concluded that in the absence of changes in 
any other physical and/or chemical effects, except freshwater inflow, the observed changes can only be ascribed 
to the altered salinity regime of the estuary (Baird, 2009).  Rapid salinity fluctuations were found to kill Ruppia 
spp. when the salinity rose to greater than 18 PSU in a few weeks (Verhoeven, 1979). Murphy et al. (2003) 
reported that Ruppia maritima showed an initial depression in photosynthesis and carbohydrate levels when 
exposed to a salinity of 40 PSU. Reductions in salinity, also resulted in Ruppia maritima being stressed. After 
physiological adjustments, however, the plants were able to overcome the stress and function more efficiently 
(Murphy et al., 2003). A short-term decrease in salinity is unlikely to affect stands of Ruppia, whereas prolonged 
exposure to low salinities or freshwater is likely to result in replacement of the Ruppia community by other 
aquatic plant communities e.g. Potamogeton pectinatus. In general, however, submerged macrophytes seem to 
tolerate hypersaline conditions better than hyposaline conditions (Adams et al., 1999).  
 
Freshwater impoundment can result in hypersaline conditions. Hoguane (2000) reported that extensive damming 
of tributary rivers feeding the Incomati River has had an impact on the estuary, resulting in salt water intruding 
further inland. Exposure to high salinity caused a loss of seed viability in Sporobolus ioclados (Trin.) Nees 
(Gulzar and Khan, 2003). Lack of freshwater input into the Kromme Estuary has resulted in increased water 
column salinity that has caused salt accumulation in the intertidal marshes (Adams et al., 1992). High salinity 
estuaries are undesirable as hypersaline conditions diminish marshes or change them to a high salinity type 
(Haw, 1984), for example in the Great Brak Estuary, Cotula coronopifolia L. (a brackish salt marsh species) was 
replaced by Sarcocornia perennis due to an increase in sediment electrical conductivity (Adams, 2008). Price et 
al. (1988) have shown that the productivity of most salt marsh species decline as salinity increases.  
 
Salt marsh plants are dominant at salinities between 10-35 PSU whereas at salinities outside this range growth 
and productivity are reduced (Chapman, 1960; Day, 1981; Zhu, 2001; Zedler et al., 2003; Vincente et al., 2004; 
Whitfield and Bate; 2007).  In Louisiana salt marshes, Hoese (1967) found that salt marsh communities (usually 
Spartina foliosa dominant) occurred where the average water column salinity was between 10 and 30 PSU. They 
also occurred at salinities below 30 PSU; where waters became fresh at times; and where water column salinity 
exceeded 40 PSU, at times. However, they did not occur in areas where salinity persistently exceeded 40 PSU. 
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Both field observations (Hoese, 1967) and laboratory growth studies (Chapman, 1960; Phleger, 1971; Castillo et 
al., 2005) indicate that even the most salt tolerant emergent macrophytes, such as Spartina spp., do not grow in 
45 PSU. They can survive these conditions for short periods but not a persistent salinity in excess of 40 PSU. 
Some authors believe that such hypersaline conditions would lead to barren salt pans (Allanson and Read, 1987; 
Bornman et al., 2002; Bornman et al., 2008). Others have suggested that the removal of the macrophyte canopy 
and improved water clarity associated with the lack of fresh or marine water inflow could lead to increased 
phytoplankton and benthic macroalgal productivity (Hoese, 1967; Adams et al., 1999). Within reed 
communities, increased salinity generally results in reduced shoot height and overall reduced plant performance 
(Hellings and Gallagher, 1992; Minchinton, 2002; Greenwood and MacFarlane, 2009). This is due to a diversion 
of energy away from active meristematic growth to the maintenance of osmotic balance (Hellings and Gallagher, 
1992). Some species, e.g. Typha domingensis Pers., withstand brackish conditions due to the ability of their 
rhizomes to remain dormant until normal conditions return (Glenn et al., 1995). In Juncus kraussii 95 % of 
plants previously receiving treatments of 15 and 30 PSU recovered after 150 days following a treatment of 
freshwater (Heinsohn and Cunningham, 1991). Naidoo and Kift (2006) showed that seed of Juncus kraussii 
exhibited germination responses similar to those of other halophytes showing high germination under fresh water 
or low salinity (less than 20 % seawater). 
 
Salinity has been shown to influence seedling emergence and/or survival of some forbs (Rand, 2000). Seedlings 
of Sporobolus virginicus are able to survive in situ treatments of 80 PSU for 8 months (Gallagher, 1979). This 
means that, although there is little growth during high salinity, seedlings are able to survive hypersaline 
conditions until rainfall dilutes soil conditions. Rand (2000) showed that seedling emergence of high-marsh 
species was reduced in the lower marsh zones, suggesting that seed germination is inhibited by the high salinity. 
Beare and Zedler (1987) have shown that low-salinity periods of 2-3 months allow Typha domingensis invasion 
and establishment in salt marsh areas. Rhizomes of Typha domingensis are the most salt tolerant part of the plant 
(Hocking, 1981) so that during favourable salinity conditions, re-sprouting occurs. Furthermore, Beare and 
Zedler (1987) have shown that the species grows and flowers within 3 months, so that invasion via rhizomes and 
seed banks is encouraged if salinity decreases for a few months. In southern Australia Typha orientalis C. Presl 
has replaced Juncus kraussii and in southwestern United States, Typha domingensis has replaced Salicornia 
virginica in systems with altered freshwater inflows (Beare and Zedler, 1987). Pennings et al. (2005) showed 
that salinity and flooding were both important in excluding Juncus from the Spartina zone at Sapelo Island, 
USA. Salt tolerance of halophytic grasses varies with the ecotype, species, habitat and other environmental 
factors (Gulzar et al., 2003a, 2003b). Gulzar et al. (2005) found that an increase in salinity inhibited growth in 
Sporobolus ioclados and plants had high mortality at 500 mM NaCl. Tissue water, osmotic potential and 
stomatal conductance all decreased with an increase in salinity. 
 
Macrophytes are good indicators of salinity variations. Bornman (2002) showed that the cover abundance of 
Sarcocornia pillansii was visibly reduced where the electrical conductivity of the groundwater was accessible 
and had a high ion concentration (> 80 mS.cm
-1
). Adams (2008) showed that in the Great Brak Estuary, Cotula 
coronopifolia (a brackish salt marsh species) was replaced by Sarcocornia perennis due to an increase in 
sediment electrical conductivity. Juncus kraussii occurs on slightly higher ground in salt marshes, where 
salinities are lower and inundation is less frequent. However, if salinities become too low the species is replaced 
by Phragmites australis (Naidoo and Kift, 2006). 
 12 
2.2.3 Light and Turbidity 
Lewis and Eads (1996) define turbidity as “an optical measure of the cloudiness of water caused by light 
scattering from suspended particles, organics and dissolved constituents”. Therefore, due to the great number of 
particles in suspension in the water of estuaries, at least at certain times of the year, the turbidity of the water is 
generally high (Nybakken, 2001). Highest turbidity occurs during times of maximum river flow. Consistent 
freshwater inflow transports suspended sediments and debris, which increases water column turbidity and 
reduces light available for photosynthesis to submerged macrophytes (Spence, 1982; Adams et al., 1999). Turbid 
events (floods and storm events) may be tolerated for short periods, although they may potentially affect the 
distribution and abundance of submerged macrophytes. Two large flood events within a three week period in 
Hervey Bay, Australia, resulted in the die-back of large stands of Halophila ovalis (Preen et al., 1995). In 
Ruppia spp., an increase in suspended sediment of 100 mg l
-1
 is likely to have an effect on productivity (Tyler-
Walters, 2001). Recreational activities, such as water skiing and propellers of boats also increase water turbidity 
(Asplund, 1996; Asplund, 2000; Reed-Andersen et al., 2000; Nybakken, 2001; Eriksson et al., 2004). Eriksson 
et al. (2004) showed a decrease in the abundance of species sensitive to poor light conditions such as Chara and 
Ruppia in marinas, whereas there was an increase in species that are common in nutrient rich, turbid habitats, 
such as Myriophyllum spicatum L. and Ceratophyllum demersum L. The suspension of sediment and deposition 
of silt on leaf surfaces leads to abrasion and light reduction. Under conditions of severe turbidity, production by 
submerged macrophytes may be negligible, and the major production of organic matter shifts to emergent marsh 
plants (Nybakken, 2001).  
 
The underwater irradiance environment, determined by water turbidity and depth, is perhaps the most important 
factor determining the distribution of submerged macrophytes (Howard-Williams, 1979; Howard-Williams and 
Allanson, 1981; Spence, 1982; Weisser et al., 1992; Roberts et al., 2003; Van den Berg et al., 2003; Kohler et 
al., 2010). Minimum light requirements for submerged macrophytes range from 5 to 29 % of surface light 
(Duarte, 1991). Hauxwell et al. (2006) found that, in most cases, an increase in Zostera marina growth with 
higher surface irradiance observed in the Waquiot estuaries was exponential. Zostera marina biomass and 
growth showed slow increases with increase in surface irradiance in late winter / early spring, but they showed 
disproportionately larger increases from mid-spring to mid-summer. Howard-Williams and Allanson (1979) 
examined the depth distribution and temporal changes in submerged macrophyte and macroalgal biomass in a 
brackish, coastal estuary and concluded that the distribution was controlled by irradiance. The lower depth limit 
of the macrophytes was at 5-10 % of surface irradiance. Titus et al. (2004) reported that all major species in 
Chenango Estuary, USA, declined when Secchi transparency (i.e. depth to which the water can be seen through) 
was substantially lower and increased the following year when transparency increased. Historical data showed 
that the macrophyte beds encroached into deeper water during dry periods, when water clarity improved, and 
regressed during rainy periods, when inputs of humic laden freshwater increased (Howard-Williams and 
Allanson, 1979). 
 
Light requirements for submerged macrophytes are higher than other marine plants, presumably because of high 
photosynthetic demand to survive in rooted anoxic conditions (Maberly and Spence, 1989; Whitfield and Bate, 
2007). Congdon and McComb (1979) found that experimental shading of in situ Ruppia populations, in a 
shallow (< 1 m deep), Australian estuarine basin, severely reduced productivity. An 80 % reduction in irradiance 
completely precluded Ruppia after 100 days. Furthermore, seedling germination is also affected by light 
conditions. Most Ruppia seeds occur in the top 5 cm of sediment and can survive in sediment for up to 3 years 
and germinate as long as they are not buried by more than 10 cm of sediment (Congdon and McComb, 1979).  
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Outshading from microalgal blooms has been shown to affect various macroalgal species. Microcystis blooms in 
the Teganuma Estuary in Japan resulted in a reduction in water transparency and dissolved oxygen (Yamasaki, 
1993). As a result, root respiration, root growth, bud formation and subsequent shoot growth in Phragmites 
australis occurred. In the Mzingazi Estuary in KwaZulu-Natal, the spread of Phragmites australis into the water 
was limited by outshading from the floating macrophyte, Nymphoides indica (L.) Kuntze (Boshoff, 1983).  
2.2.4 Sedimentation 
Sedimentation has been described as one of the biggest threats facing rivers feeding estuaries (Begg, 1986). Too 
much sediment can smother and kill estuarine plants. Submerged macrophytes are absent from estuaries where  
sediment is constantly being modified by dynamic processes (Begg, 1986). For this reason they are not widely 
distributed in KwaZulu-Natal estuaries due to decreased water clarity from increased sedimentation (Begg, 1984; 
Hiralal, 2001). Begg‟s (1984) found that submerged macrophytes occur only in systems where the semi-
permanently closed mouth results in stable water levels and sediment for approximately one year. Only two 
estuaries in KwaZulu-Natal currently have beds of Zostera capensis, namely St. Lucia and Richards Bay 
(Hiralal, 2001). Zostera capensis was reported regularly from the Umgababa Estuary from the early 1950s until 
1989 (Begg, 1984; Hiralal, 2001). However, it has not been recorded since there or in other KwaZulu-Natal 
temporarily open/closed estuaries. Siltation and turbidity were the main reasons for the disappearance of this 
species (Hiralal, 2001). Siltation in the St. Lucia Estuary occurred because of canalization, drainage and 
reclamation of the Mfolosi River swamps for sugar farming. The input of silt and associated high turbidity 
limited submerged macrophyte distribution in the Narrows of the St. Lucia Estuary (Ward, 1976). Similarly, 
decreased water transparency, due to increased silt content of the Wilderness estuaries, resulted in a major 
dieback of submerged macrophytes between 1979 and 1981 (Weisser and Howard-Williams, 1982). 
 
Freshwater impoundment reduces the frequency of floods and sedimentary disturbances (Whitfield and Bate, 
2007). Den Hartog (1977) has shown that plants such as seagrasses cannot develop or colonize areas where the 
substrate is constantly being modified by water currents. Therefore, reduced freshwater input into an estuary 
favours submerged macrophyte growth and dominance, as there is a decrease in turbidity and water velocities 
resulting in a more stable sediment and salinity environment. The reduction of freshwater inflow into the 
Kromme Estuary over the past decade has led to an increase in Zostera capensis biomass and areal distribution 
(Adams and Talbot, 1992; Wooldridge, 2007). Prior to this, Hanekom and Baird (1988) found that fluctuations 
in the biomass of this species in the Kromme Estuary were related to flood events. Other studies in South 
African estuaries have shown that changes in Zostera capensis biomass are linked to flooding activities rather 
than seasonal influences (Edgecumbe, 1980; Talbot et al., 1990). Reduction in freshwater flow also results in 
marine sediments moving upstream due to tidal flow. Since the construction of the Churchill and Mpofu dams on 
the Kromme River, the upstream migration of marine sand have increased (Reddering and Esterhuysen, 1983). 
Dams built above the Bushman‟s Estuary have led to marine sand penetrating 4 km upstream, covering Zostera 
and mud prawn beds (Branch and Branch, 1985). A consequence of this is habitat alteration, as sand bed 
communities replace those of the mud beds (Adams et al., 1999). 
 
Sedimentation reduces the amount of light reaching the seedbank (Naidoo and Kift, 2006) and has also been 
implicated in decreasing the amplitude of the daily temperature fluctuation (Peterson and Baldwin, 2004).  
Increased levels of sedimentation (burial) have been shown to reduce the germination of seeds and taxa density 
from wetland seed banks. Peterson and Baldwin (2004) reported that taxa richness, was reduced by 57 and 75 % 
respectively due to the addition of first 1 and then 2 cm of sediment. Baldwin et al. (2001) found that Typha 
species did not germinate at sediment depths deeper than 2 cm. Typha latifolia L. have been shown to require 
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light for germination, and increased levels of sedimentation may prevent this requirement from being met 
(Peterson and Baldwin, 2004). Spencer and Ksander (2002) showed that burial of more than 2 cm of sand 
inhibited germination and emergence of Zannichellia palustris L. in Fall River, California. Significant sediment 
accumulation may disrupt natural regeneration of macrophytes from seeds, even though a viable seedbank is 
maintained for several years (Spencer and Ksander, 2002). Maintenance of viable, buried seed banks may, 
however, be an important adaptive strategy for survival in stressful environments (Naidoo and Kift, 2006). Many 
plant communities depend on a regular limited input of sediment, and may be “starved‟‟ if all sediment is cut off 
by obstructions, such as dams in the river (Begg, 1986). Onrus Lagoon, in the Western Cape, was a deep estuary 
until the 1940s. Annual floods could no longer sweep the estuary clear of silt deposition as a result of dams 
upstream. The mouth consequently closed, salinity decreased and the silt was colonized by dense growths of 
Phragmites (Branch and Branch, 1985). 
2.2.5 Mouth Condition and Water Level Fluctuations 
Temporarily open/closed estuaries are predominantly regulated by the amount of river inflow received, the 
magnitude of which is governed primarily by catchment size and the regional climate that dictates rainfall 
patterns (Whitfield and Bate, 2007). Temporarily open/closed estuaries are isolated by the formation of a sand 
berm across the estuary mouth during periods of low or no river inflow. They stay closed until their basins fill up 
and the berm is breached. Mouth breaching results in the removal of significant amounts of sediment, but 
infilling by sediment commences once tidal conditions are established. Hence the major forces that maintain 
open mouth conditions are river and tidal flow (Huizinga and van Niekerk, 2005) and the major closing forces 
are marine wave energy and sediment availability (van Niekerk, 2007). 
 
Factors prolonging an open mouth include features that dissipate wave energy and turbulence, which reduce the 
ability of waves to carry sediment into the mouth, while factors that contribute to mouth closure include 
structures or conditions that inhibit river or tidal flow (van Niekerk, 2007).  
2.2.5.1 Mouth Status and the Implications for the Biogeochemical Status of 
Temporarily Open/Closed Estuaries 
In summary, there are three dominant hydrodynamic states of temporarily open/closed estuaries: 
1. Mouth open: here, the mouth of the is open to the sea allowing seawater intrusion during high tides with 
river inflow introducing freshwater into the upper reaches. 
2. Mouth semi-closed: berm height prevents continuous seawater intrusion during high tides. However, the 
berm is not high enough to prevent some water draining from the estuary into the sea or the freshwater 
inflow is sufficient to maintain a continuous outflow. 
3. Mouth closed: the height of the berm prevents seawater from entering the estuary and water draining 
from the estuary into the sea. Low volumes of river water and salinity could still be entering the estuary 
and sporadic overwash of seawater can occur depending on conditions at sea and berm height (Snow and 
Taljaard, 2007). 
In South African estuaries, freshwater deprivation has led to a reduction in the frequency and amplitude of flood 
events (Whitfield and Bruton, 1989; Whitfield and Bate, 2007). This has resulted in less effective scouring 
during floods, (Wooldridge, 1992) which, in turn, leads to an increase in the frequency of mouth closure. This 
can impact plant communities in high rainfall areas as mouth closure can result in increased water levels and 
lower water column salinity. In riparian assemblages, sediment immersion or soil saturation may reduce the 
oxygen concentration (Blom and Voesenek, 1996; Desilets and Houle, 2005). Within the species pool, only a 
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few species have traits that allow them to survive under strong flooding / immersion pressures (Blom, 1999; 
Pollock et al., 1998; Decocq, 2002; Desilets and Houle, 2005).  
 
Each plant species has a distinct range of tolerance to depth of water and duration of tidal flooding. Inundation 
during the growing season is generally harmful to most species (Olff et al., 1988) and prolonged inundation can 
cause die-back of marsh plants (Adams and Bate, 1994. O‟Callaghan (1990) showed that prolonged inundation 
slows flowering, and subsequent seed production, in Sarcocornia decumbens. Germination in many wetland 
plants occurs when sediments are waterlogged rather than submerged (van der Valk, 1981; Welling et al., 1988; 
Baskin and Baskin, 1998; Capon and Brock, 2006). Within wetland systems, lower seed densities tend to occur 
in areas which are permanently inundated (Keddy and Reznicek, 1982; Leck, 1989; Capon and Brock, 2006) and 
several cases of declining seed density with increasing water depth have also been recorded (Poiani and Johnson, 
1989; Wilson et al., 1993; Peterson and Baldwin, 2004; Capon and Brock, 2006). Although Typha latifolia and 
Typha angustifolia L. have shown a preference to germinate under low oxygen, flooded conditions, some seed 
bank studies have shown higher germination of Typha species under saturated, non-flooded conditions, e.g. 
Baldwin et al. (2001) found almost five times higher emergence of Typha latifolia under non-flooded than under 
flooded conditions. Seed bank samples collected from submerged and intertidal areas of tidal freshwater marshes 
and subjected to continuous inundation in the greenhouse have exhibited low levels of recruitment from the seed 
bank, with 76 % of colonization in low marsh areas occurring through vegetative propagation (Capers, 2003). 
Inundation was observed to decrease recruitment and richness of seed bank communities of emergent vegetation 
of tidal freshwater wetlands (Peterson and Baldwin, 2004). This has serious consequences since, although 
propagation is predominantly vegetative in salt marsh species, resident seed banks play an important role in the 
re-establishment of salt marsh communities when water levels decrease, e.g. Triglochin spp. in the Great Brak 
Estuary and Sarcocornia spp. in the Seekoei Estuary (O‟ Callaghan, 1990).  
 
In the Great Brak Estuary, water level increased during mouth closure resulting in die back of Sarcocornia 
natalensis communities from 1989 to 1992 (Adams et al., 1999). This die-back was due to prolonged inundation 
of more than two months. Riddin and Adams (2008) showed that inundation of 3 months resulted in die back of 
salt marsh species in the East Kleinemonde Estuary. Suaeda fruticosa was found to be intolerant of waterlogging 
(Adams et al., 1992). By contrast, Sporobolus virginicus grows well under waterlogged conditions as well as 
being able to withstand long periods of submergence (Breen et al., 1977).  
 
The timing of water level increases is also crucial. When the Swartvlei Estuary was open Phragmites australis 
occurred in depths of 0.3 to 0.5 m (Howard-Williams and Liptrot, 1980). However, during periods of mouth 
closure the water levels rose so that Phragmites australis was subjected to levels of 1.5 m, an increase of 1 m. 
This increase in water level occurred during the winter months when the aerial parts were dying off and thus the 
increase had little impact (Hellings and Gallagher, 1992). Submergence during autumn, however, is likely to 
have a negative impact, since this is when nutrients are remobilized for spring growth. The seedling 
establishment of Phragmites australis is sensitive to submergence (Hellings and Gallagher, 1992). 
 
In dry areas, mouth closure results in a drop in water levels (Allanson and Baird, 1999), unless there is a 
continuous flow from the wetter catchment. Plants that are normally submerged are exposed and die back 
(Allanson and Baird, 1999; Coops et al., 2003). Verhoeven (1979) stated that the resistance of Ruppia spp. to 
drought was very low and that after desiccation all plant parts, except ripe seeds, die within a few days. 
Similarly, Tyler-Walters (2001) reported that an increase in exposure for one hour will result in a loss of Ruppia 
stands. This exposure also influences germination of seed. Ruppia seed will not germinate in moist soil but need 
to be covered with water (Tyler-Walters, 2001). Adams and Bate (1994) have shown that when water levels are 
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high, Ruppia cirrhosa can germinate rapidly from a large seed bank and complete its life cycle within three 
months. Similar effects are observed in temporarily open/closed estuaries during mouth breaching events. On 
breaching there is a rapid drop in water level that causes the submerged macrophytes to be exposed and they die 
as a result of desiccation. Riddin and Adams (2008) found that in the East Kleinemonde Estuary salt marsh 
plants will establish in the vacant habitat. 
 
Emergent plants are also affected as abundant soil water plays an important role in maintaining high 
productivity. The water is used directly by the plants but also maintains the nutrients in a dissolved state in the 
sediment (Keefe, 1972).  In the Wilderness Estuary, Weisser and Howard-Williams (1982) found that 
encroachment by emergent macrophytes was associated with decreased water levels during periods of low 
freshwater input when the system was closed to the sea. 
 
An increase in mouth closure may also result in an alteration in salinity conditions. In the Western Cape, lack of 
breaching of estuarine mouths creates a more freshwater system with resultant reed encroachment (Adams, 
1991). Naidoo and Kift (2006) stated that Juncus krausii occurs on slightly higher ground in salt marshes, where 
salinities are lower and inundation is less frequent. However, if the salinity becomes too low, the species is 
replaced by Phragmites australis. In the Eastern Cape, small estuaries become hypersaline and impoverished due 
to the lower rainfall of this region (Adams, 1991). 
2.2.6 Tidal Exchange 
The regular inundation of marshes is critical for their survival. Salt marsh plants occur in distinct zones along an 
elevation and tidal inundation gradient (Clarke and Hannon, 1969; Olff et al., 1988; Pennings and Bertness, 
2001; Crooks et al., 2002; Hickey and Bruce, 2010). Adequate freshwater input ensures that the mouth of the 
estuary remains open, allowing tidal exchange. The catchment of the Jujura Estuary is characterized by a narrow 
valley that has a low storage capacity and any run-off flow directly through the estuary and keeps the mouth 
open for long periods with daily tidal exchange (Colloty et al., 2002). This has resulted in the colonization of the 
mud banks by Zostera capensis that require the  intertidal conditions. If the tidal range is restricted, the zonation 
and diversity of plants becomes altered (Silvestri et al., 2005). In many estuaries, the intertidal zone has been lost 
owing to sedimentation and tidal restriction (Begg, 1984). This has led to encroachment by the reed 
(Phragmites) and a loss of habitat diversity (Roman et al., 1984; Conroy and Lake, 1992; Hellings and Galagher, 
1992; Pollard and Hannan; 1994; Winning, 1996; Brockmeyer et al., 1997; Burdick et al., 1997; Lissner and 
Schierup, 1997; King, 1999; Bart and Hartman, 2000; Minchinton and Bertness, 2003). Roman et al. (1984) 
found that following tidal restriction and a reduction in salinity levels, many coastal salt marsh areas in the 
U.S.A. have changed from Spartina-dominated systems to nearly monotypic Phragmites australis stands. One of 
these systems is Cape Cod, Massachusetts where tidal flow has been restricted by road construction with 
undersized culverts (Teal and Peterson, 2005). With the decrease in frequency and area flooded by tidal waters, 
Phragmites australis invaded most of the area previously vegetated with Spartina alterniflora. This resulted in a 
decrease in fish habitat value (Able and Hagan, 2003). Roman et al. (2002) showed that tidal restoration of a salt 
marsh invaded by Phragmites australis resulted in the increase in abundance of species under pre-tidal 
restriction conditions such as Spartina alterniflora and Spartina patens (Aiton) Muhl. The artificial causeway 
over the Seekoei (DWAF 1996, DWAF 2005) in the Eastern Cape in South Africa inhibits tidal and river flow 
and contributes to mouth closure. Structures that inhibit tidal flow reduce the flow velocity and thereby reduce 
the scouring ability of the ebb tide to remove sediment that entered the system on the flood tide (van Niekerk, 
2007). On the up-stream side of the causeway, sediment build up has created suitable habitat for submerged 
macrophytes. Reduced flow has also increased the biomass of Zostera capensis. The construction of various 
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dams, including the large Charlie Malan dam (capacity: 100 x 10
6
 m
3
) four kilometers upstream of the Kromme 
Estuary, has resulted in a significant increase in the standing biomass of Zostera capensis because of reduced 
freshwater flow to the estuary (Adams and Talbot, 1992).  
2.2.7 Elevation 
Vegetation zonation in salt marshes has traditionally been attributed largely to altitudinal differences, since 
altitude determines the temporal pattern of tidal flooding and is thus closely related to proximate determinants of 
the distribution of species and plant communities (Sanchez et al., 1996). Various authors have shown through 
experimental studies that soil salinity gradually increases with soil elevation, reaching a maximum just above 
mean high sea level (MHSL) where after it again decreases (Mahal and Park, 1976; Adam, 1990). These studies 
show a correlation between the presence of halophytes and topographic elevation. The relationship can be 
explained by noting that evaporation periods (occurring when the marsh is not flooded) are longer at higher 
elevations resulting in a concentration of salts in surface soils (e.g. Adam, 1990). At very high soil elevations 
found above mean high sea level, soil water salinity decreases because of less frequent flooding and resultant 
lower salt input. Therefore, vegetation zonation can partially be explained by the association between soil 
salinity and elevation, since physiological responses of plants to salinity are highly species dependent (Silvestri 
et al, 2005). Sanchez et al. (2006) investigated the distribution of vascular plants and plant communities along a 
series of altitudinal transects in two salt marshes in the northwestern Iberian Peninsula. Results showed that 
altitudinal range varies significantly both among species and among communities, and confirm that the species 
cover and composition of salt-marsh vegetation can be predicted by altitude, particularly at the lower levels of 
the profile. 
 
Sanchez et al (1998) studied relationships between environmental variables (electrical conductivity of 
groundwater, soil redox potential, water-table depth, and high-tide flooding depth) on vegetation zonation in a 
salt-marsh system on the coast of northwest Spain. The study showed that groundwater salinity (using electrical 
conductivity as a measure) and redox potential are key factors determining vegetation zonation in the study area. 
Findings of this study were in accordance with those of Rozema et al., (1985) who showed that resistance to 
NaCl seems to be the key factor correlated with the distribution of salt-marsh vegetation.  Mean conductivity 
values declined with increasing distance from the sea and increasing altitude. In an attempt to understand the 
interactions of halophytes with multiple biotic and abiotic factors in their own environment, Silvestri et al. 
(2005) investigated the distribution of halophytic species with respect to flooding period duration and frequency 
and soil salinity in the Venice lagoon using field data and by applying a two-dimensional numerical model to 
describe tide propagation within the lagoon. The distribution of halophytes in the salt marshes considered did not 
respond to simple rules dictated by the tidal cycle or to salinity, and such factors, when singularly considered, 
could not explain the observed spatial distribution of halophytes. Analogies found include the following: species 
diversity (as epitomized by an entropy measure) increased with ground elevation in all marshes observed. 
Elevated soils along creek edges hosted a wider variety of halophytes than inner marsh zones, and entropy 
provided a concise description of environmental stress. Species composition was the same in all marshes on the 
most elevated soils. Apart from these analogies, species characteristic soil elevation or distance from the 
channels of a general validity could not be defined. These results suggest that the distribution of halophytic 
plants should be related to the space-time variability of the relevant processes, rather than by trying to define 
empirical correlations between vegetation occurrence and single edaphic factors. The study concluded that 
although soil salinity and tidal regime are important factors, they were not able to explain the observed 
distribution of halophytic species over salt marshes. The authors suggest that vegetation zonation is likely a 
factor of the dynamics determining root oxygen availability. Water dynamics in subsurface soils exercise an 
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essential control on vegetation patterns, since oxygen is necessary for aerobic respiration in roots, and could 
provide the source of heterogeneity accounting for the diﬀerent halophytes patterns observed in diﬀerent 
marshes. On the basis of observations and modelling results, the study concluded that a combination of multiple 
factors, likely dominated by saturated/unsaturated flow in the soil, may be responsible for the observed 
macrophyte distribution.   
 
Bornman et al. (2008) investigated environmental factors controlling vegetation zonation patterns and the 
distribution of vegetation types in the Olifants Estuary in South Africa. The distribution of Sarcocornia pillansii 
was influenced by soil moisture, distance from the estuary, elevation above mean sea level, and depth to the 
water table. Moisture is a key ecological driver for salt marsh vegetation, especially in arid areas of southern 
Africa. During prolonged dry periods, a shallow saline water table in the floodplain is an important source of 
moisture. In the same estuary, the distribution of S. pillansii was studied in relation to depth to the water-table 
and the electrical conductivity of the groundwater.  Where the groundwater was accessible (< 1.5 m) and had a 
low electrical conductivity (< 80 mS m
−1
), S. pillansii extended its roots down to the water-table where a suitable 
water potential gradient was found between the soil and roots. In areas where the groundwater was too deep 
and/or hypersaline, the plants grew on hummocks. The unconfined aquifer below the floodplain is linked to the 
estuary and although diurnal tidal waves were dampened, water-table level fluctuations were recorded between 
tidal events. The complex geomorphology of the floodplain influences groundwater flow, in turn affecting the 
distribution of the salt marsh vegetation (Bornman et al., 2004a). 
2.2.8 Groundwater 
The interaction of vegetation with the groundwater is one of the key mechanisms affecting the dynamics of 
wetland plant ecosystems (Ridolfi et al., 2006). Recent studies have indicated groundwater salinity and depth to 
groundwater as important determinants for supratidal and floodplain salt marsh (Bornman et al., 2002, 2004a, 
2004b; Houle, 2005; Ridolfi et al., 2006). Groundwater can influence the surface sediment through the capillary 
rise of chlorides from the water table to the surface (Greenway, 1973; Cisneros et al., 1999). Ursino et al. (2004) 
showed that salt marsh subsurface flow depends on the distance from the nearest creek or channel and that 
subsurface water movement near tidal creeks is both vertical and horizontal, while further from creeks it is 
primarily vertical. Addy et al. (2005) found that, based on groundwater salinity and water table measurements, 
groundwater flux through Greenwich Bay, Rhode Island, appeared to be greater during the cool season than the 
warm season. In the cool season, groundwater salinity was consistently low throughout the marsh regardless of 
time in the tidal cycle. In the warm season groundwater salinity varied markedly, most likely as a result of the 
combined effects of evapotranspiration, rainfall and tidal flooding (Addy et al., 2005). 
 
The Olifants Estuary on the dry west coast has the largest area of supratidal (143 ha) and floodplain salt marsh 
(797 ha) in South Africa. A single species is dominant in this dry saline habitat, i.e., Sarcocornia pillansii. 
Bornman (2002) showed that the survival of the plants was dependent on the utilization of saline groundwater, 
particularly during the dry period (8 months) of the year. The cover abundance of Sarcocornia pillansii was 
visibly reduced where the water table was deeper than 1.5 m and/or where the electrical conductivity of the 
groundwater had a high ion concentration (> 80 mS cm
-1
). Floods to the estuary are important in lowering the 
salinity of the water column, which influences the groundwater salinity. Any disturbance to this habitat will 
create large areas of bare ground as has happened at the Orange River Estuary (Bornman et al., 2004b). The 
conservation value of this vegetation lies in the fact that halophytes are the only plants adapted to grow in these 
harsh environments and the loss of this vegetation would lead to the formation of bare, dry salt pans that are 
more easily eroded by wind and water. Sarcocornia pillansii occurs in dry, saline, elevated areas of estuaries. 
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In semi-arid or arid regions there is not enough rainfall to flush out the salts which accumulate in the sediment 
(Hillel, 1971; Goldsmith and Hildyard, 1984). Groundwater is drawn upwards through capillary action (Cisneros 
et al., 1999) adding still further to their own salt burden on the way, by dissolving the salts in the soils near the 
surface (Greenway, 1973; Cisneros et al., 1999). Once at the surface, the saline groundwater evaporates and the 
salts are left behind to accumulate on the surface. Semi-arid and arid areas are particularly vulnerable since 
evaporation rates can be up to four to five times higher than those in temperate areas (Goldsmith and Hildyard, 
1984). 
2.2.9 Sediment Moisture Content 
Abundant soil water plays an important role in maintaining high salt marsh productivity; the water is used 
directly by plants but also holds the nutrients in a dissolved state in the sediment (Keefe, 1972). Sediment 
moisture content is variable both spatially and temporally and is influenced by a number of factors, such as 
topography, vegetation cover, depth to the water table, sediment particle size and rainfall (Gomez-Plaza et al., 
2001; Shaw, 2007). Rainfall and flooding events increase sediment moisture content and as a result lower 
sediment salinity. Noe and Zedler (2001) showed that the timing of germination of salt marsh species depended 
on surface sediment salinity and, to a lesser extent, sediment moisture. Germination occurred after salinity had 
dropped below a threshold, and in some cases after moisture had increased above a critical level. An increase in 
sediment moisture content results in a higher proportion of seeds germinating as well as the speed at which they 
germinate (Noe and Zedler, 2001).  Adams (1991) found that Typha latifolia and Scirpus maritimus L. occurred 
in water-logged sediments with high organic content. This substantiates Ungar‟s (1974) conclusion that soil 
moisture is important in determining the distribution of Scirpus.  
 
In arid regions, where evaporation exceeds rainfall, low sediment moisture content results in the concentration of 
salts in the surface sediment (Thorburn et al., 1992; Jolly et al., 1993; Ridd and Sam, 1996; Gul and Weber, 
2001; Bertness et al., 2004). The presence of vegetation decreases the evaporation potential and subsequently 
retains sediment moisture. Mahfouf and Noilhan (1991) showed the difference of evaporation regimes beween 
vegetated and bare areas. In vegetated areas, transpiration was mainly determined by deep sediment moisture 
and did not vary much on a day to day basis. However, in bare areas, evaporation was strongly linked to the 
diurnal variation of the near-surface moisture content, depending on sediment particle size and on the sediment 
moisture content.  
 
Sediment particle size and the structure of the sediments determine the moisture characteristics (soil water 
relationships) of the sediment (Syvitski, 2007). Sediment particles are composed of sand, silt, clay and organic 
matter. Sand includes particle sizes which range from 0.05 mm to 2.0 mm in size. Silt particles range in size 
from 0.05 mm to 0.002 mm, and clay particles are those particles less than 0.002 mm in size. Larger sediment 
particles (i.e. sand) show increased drainage of the sediment, whereas very fine particles (clay and silt) tend to 
drain poorly, but hold on to more water in the sediment (Syvitski, 2007). Moisture retains nutrients in a 
dissolved state in the sediment (Ewing et al., 1989). Nutrients may be precipitated and cease to be available to 
the plants if the flushing of soils is reduced , e.g. under drought conditions. However, large pools of anoxic 
standing water will influence nitrogen availability as denitrification is increased by anaerobic conditions (Ewing 
et al., 1989).  
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2.2.10 Sediment Organic Content 
Macrophyte community composition and the spatial distribution of individual species have been correlated with 
sediment organic content (Barko and Smart, 1986). Organic matter in the sediment is important as it increases 
the water holding capacity of the sediment and provides the sediment with nutrients. These nutrients are 
important for the functioning of the ecosystem as low organic matter can lead to nutrient deficient sediment (Bai 
et al., 2005). Desilets and Houle (2005) found a decrease in sediment organic content coincided with an increase 
in the slope of the species-area curve between 30 and 90 m from the river, where the maximum reach of flooding 
had been recorded. However, during high spring tides, detrital plant material, originating from intertidal salt 
marsh areas, is deposited onto supratidal salt marsh (Allanson and Baird, 1999).  
 
According to Keefe (1972) one of the factors contributing to high salt marsh productivity is the high 
concentration of organic matter in the soil leading to the formation of colloids and absorption of exchangeable 
ions necessary for plant growth. There is evidence that total nitrogen and total phosphorus are positively 
correlated with total organic matter (Howard-Williams, 1980; Anderson and Kalff, 1986a). Organic content is 
greater in emergent plant communities (Howard-Williams, 1980; Barko and Smart, 1986) as more detritus is 
produced by these plants each year and decomposition rates are slower than for submerged species (Howard-
Williams, 1980). Working in the Wilderness estuaries, Howard-Williams (1980) found that Phragmites australis 
and Typha latifolia were associated with sediments with high organic content. The mean organic content for the 
upper 50 mm were 40.5 ± 7.8 % and 44.0  ± 8.9 % for these two species respectively. Ruppia cirrhosa and 
Potamogeton pectinatus were associated with sediments of low organic content. As sediment organic content 
accumulates, submerged macrophytes in estuaries appear to be replaced by the nutritionally more conservative 
floating leaved and emergent life forms, with typically greater root to shoot biomass ratios. 
2.2.11 Sediment Electrical Conductivity / Salinity 
Sediment salinity is controlled by: elevation, rainfall and evaporation, groundwater seepage from adjacent land 
and the salinity of the tidal water (Cisneros et al., 1999). The relative importance of these three factors depends 
on the location within the estuary (Haw, 1984); for example, in areas with an arid climate most of the moisture 
will be provided by tidal flushing (Zedler, 1980). Experimental evidence indicates that sediment salinity 
gradually increases with elevation, reaching a maximum just above mean high sea level to again decrease 
beyond it (Silvestri et al., 2005). These observations, which provide a link between the presence of halophytes 
and topographic elevation, may be explained by noting that evaporation periods (occurring when the marsh is 
not flooded) are longer at higher elevations and thus salts in surface sediments may become concentrated 
(Silvestri et al., 2005). At very high elevations above mean high sea level, sediment salinity tends to decrease 
due to progressively less frequent flooding of the marsh and the associated reduced salt input. The dependence of 
sediment salinity on elevation may thus partly explain zonation, since physiological responses of plants to 
salinity are species dependent (Silvestri et al., 2005).  
 
Numerous in situ experiments have investigated salinity and salt marsh species distribution. Results from the 
studies are difficult to compare because of the localized effects of environmental factors such as rainfall and the 
measurement of different spatial salinities, i.e. sediment salinity, surface salinity or interstitial salinity. For 
example, sediment salt content was found to decrease with sediment depth and more frequent inundation in a 
spring-fed salt marsh in western Utah (Bolen, 1964). However, in the coastal marshes of James Bay salinity 
increased with depth as high infiltration rates promoted leaching that reduced surface salinities (Price et al., 
1988). Sediment salinity is a major controlling factor in the vertical and horizontal distribution of salt marsh 
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plants and reduces plant growth in many regions of the world (Alshammary et al., 2004). Growth of the 
halophytes Frankenia salina (Molina) I.M. Johnst (Traut, 2005) and Parapholis sp. (Noe and Zedler, 2001) have 
been shown to decrease dramatically as sediment salinity increases. Vince and Snow (1984) found that species 
with the broadest tolerance range were restricted to the most saline zones.  
2.2.12 Sediment Particle Size 
Ewing et al. (1989) found soil texture to be an important controlling factor in the distribution of intertidal salt 
marsh species of the Pacific Northwest. The nature of the pore space, particle size and state of aggregation 
largely determine the ease of infiltration or evaporation of water in the soils. Ladouche and Weng (2005) found 
that the presence of a very compact layer of clay, 1-2 m deep, prevented the rapid recharge of marsh 
groundwater by rainfall. Traut (2005) showed that Frankenia and Parapholis cover were positively correlated to 
sandy sediments but negatively related to soils with more silt and clay. Conversely, Jaumea was more common 
in sediments with more silt and clay and therefore higher water content.  This shows that various species are 
adapted to different soil types. 
 
Sediment characteristics also influence submerged macrophyte colonization and growth. Biomass has been 
found to vary with sediment texture but this has often not been linearly related to sediment grain size (Ewing et 
al., 1989). It has been suggested that texture plays the role of surrogate variable for a complex group of variables 
related to fetch, slope and current velocity (Ladouche and Wang, 2005). Congdon and McComb (1979) found 
that Ruppia is more productive in sheltered lagoons and bays where water currents and wave action are low and 
sediments are finely grained. However, Hanekom and Baird (1988) found that spatial variation in the distribution 
and biomass of Zostera capensis, in a South African estuary, was not significantly related to sediment particle 
size. Traut (2005) reported that substrate texture (clay vs. sand) explained species distribution in a simulation 
model of salt marsh development. 
 
Grain size also affects nutrient movement and retention within the sediment (Anderson and Kalff, 1986a, 1986b, 
1988). Fine-textured sediments provided a proportionally greater aboveground biomass in Cyperus esculentus L. 
and Scirpus validusVahl  than coarser sediment, possibly in response to greater nutrient availability associated 
with finer sediments. (Haslam, 1971; Barko and Smart, 1978). Nutrient content is inversely related to sand 
content as sand has a low organic content and few absorptive surfaces (Smart and Barko, 1978; Barko and 
Smart, 1986). Growth of both Spartina alterniflora and Distichlis spicata (L.) Greene was much greater on fine 
textured sediments than on sand, due to higher nitrogen and phosphorus concentrations of the fine textured 
sediments (Table 2-1). Sandy soils with a low organic content have a higher phosphorus content in relation to 
nitrate (Howard-Williams, 1980). 
 
 Table 2-1: Sediment concentrations (µg g-1) of total nitrogen and total phosphorus from 
17 geographically widespread North American estuaries (Source: Smart and Barko, 
1978). 
 
 SAND CLAY SILTY-CLAY 
Nitrogen 300 3200 5200 
Phosphorous < 50 1940 1650 
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Chapter 3: Study Site Descriptions 
Seven estuaries were sampled along the coast of Southern Africa. These included the Orange, Olifants, Great 
Brak, Kromme, Seekoei, East Kleinemonde and Mngazi estuaries (Figure 3-1). Estauries were selected so as to 
best represent the whole of the South African coastline. The number of estuaries chosen within each 
biogeographical region was roughly proportional to the extent that that region occupies along the coastline. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3-1: The location of the seven estuaries sampled. 
3.1 Orange River Estuary  
3.1.1 Location 
The Orange River Estuary is located on the Atlantic coast and forms the border between South Africa and 
Namibia. It is a coastal wetland of international importance and forms part of the Orange River Mouth 
Transboundary Ramsar Site (ORMTRS) (Anon, 2002). The Orange River catchment, with a total area of 
approximately 1000 000 km
2
, 
 
is the largest in South Africa. A large portion of the catchment (almost 600 000 
km
2
) is located in the RSA and this area represents approximately 47 % of the country‟s surface area. The 
precise catchment is difficult to determine since it includes many pan areas and several large tributaries the run-
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off of which rarely, if ever, reach the main river channel. The Orange River catchment includes the whole of 
Lesotho and several large river basins such as the Vaal River basin and the Fish River basin (Namibia) 
(Williams, 1990). Present land use in the area remains mostly natural. Extensive areas are used for livestock 
farming (sheep, goats and cattle) and dry land cultivation (mostly for the production of grains). Large areas 
under irrigation for grain, fodder crops, grapes etc. have been developed along the main rivers (PDNA, 2004). 
Mean annual run-off has been estimated at 12 000 x10
6
 m
3 
(Williams, 1990). 
3.1.2 River 
The Orange River has a length of approximately 2300 km (PDNA, 2004), and receives many intermittent 
streams and several large ephemeral valleys that lead into it. The most notable tributary is the Vaal River which 
rises in the Drakenberg where the source is known as the Ash River and is situated approximately 30 km north of 
Clarens in the Free State. It flows westwards towards Johannesburg and forms the boundary between Gauteng, 
Mpumalanga and Free State before joining the Orange River southwest of Kimberley (Williams, 1990).  The 
waters of the Orange River is greatly influenced by industrial, urban and agricultural developments in the Vaal 
River basin. As a result of these developments flow from the Vaal River rarely makes a significant contribution 
to the flow of the Orange River except during flood events when inflows can be significant (Prins et al., 1990). 
The flow in the lower Vaal River system drops to such a level that water is transferred from the Orange River to 
Douglas to meet the agricultural water demand in that area. Downstream of the confluence with the Vaal River 
only one river, the Fish River (Namibia) makes a significant contribution to the Orange River flow. The 
remaining tributaries of the Orange River will only make a significant contribution to its run-off during extreme 
flood conditions (Prins et al., 1990). Under such conditions, however, it is likely that the Orange River will also 
be in flood with the result that the additional flow from these tributaries will be of little benefit to the system 
from a water resource viewpoint (Prins et al., 1990). 
 
The flow pattern of the Orange River has been modified by 23 major dams and numerous weirs within its 
catchment (Williams, 1990). The main storage dams in the Orange River water management areas are:  
1. Gariep and Vanderkloof Dams on the Orange River, which command the two largest reservoirs in 
South Africa. Hydropower for peaking purposes is generated at both sites. 
2. Armenia and Egmont Dams on tributaries in the Caledon area. Welbedacht Dam lies on the main stem 
of the Caledon River, with Knellpoort Dam, an off-channel storage dam, that supplements the water 
supply to Bloemfontein. 
3. Rustfontein, Mockes and Krugersdrift Dams are situated on the Modder River, the Tierpoort and 
Kalkfontein Dams on the Riet River (PDNA, 2004). 
 
Katse and Mohale dams in Lesotho are not located in the water management areas, but have a significant impact 
on the available water in the Orange River, as the bulk of the water flowing in the Orange River is generated in 
Lesotho. Katse Dam is located in the Sengu area in Lesotho and is used for the transfer of water to the Upper 
Vaal water management area. Mohale Dam, which was recently completed is located in the same area, and 
started to impound water in 2003. This dam is also used to support the transfer to the Upper Vaal water 
management area (PDNA, 2004). 
3.1.3 Estuary 
The Orange River Estuary system can be defined as the area between the north and south flood margins of the 
Orange River from the Sir Ernest Oppenheimer Bridge 10 km upstream down to the sea (Williams, 1990). 
Before the construction of major impoundments such as the Gariep Dam, the flow in the lower section of the 
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Orange River often stopped. These low or no flow periods coincided with the dry periods in the catchment and 
normally occurred during August and September. During rainy seasons the river and the estuary were flushed by 
small to severe floods (Williams, 1990; PDNA, 2004). The river flow became controlled since the construction 
of major impoundments with a more constant flow reaching the lower section. The dams further buffered the 
medium sized floods and absorbed the smaller floods, and consequently the Lower Orange River and the estuary 
are only partially flushed during medium flood conditions and properly flushed during severe flood conditions 
(Williams, 1990; PDNA, 2004). Future water demand from the Upper Orange River system will further reduce 
the availability of water to the estuary. Factors such as the flow release pattern and the influence of evaporation 
in the river and estuary may become more important in maintaining the ecology of the system (Williams, 1990). 
 
The wetlands of the Orange River Estuary can be described as a delta type river mouth with a braided channel 
system during low flow months. The site comprises sand banks or channel bars covered with pioneer vegetation, 
a tidal basin, a narrow floodplain, pans, the river mouth and a salt marsh on the south bank of the mouth 
(Williams, 1990; PDNA, 2004). The Orange River Mouth Wetland was designated a Ramsar status, i.e. a 
wetland of international importance, in 1991.  In September 1995 this Ramsar site was placed on the Montreaux 
Record as a result of a belated recognition of the severely degraded state of the salt marsh on the south bank (the 
Montreaux Record is a list of Ramsar sites around the world that are in a degraded state) (Taljaard et al., 2003).   
 
Using the Estuarine Health Index, the Ecological Health Status of the estuary was rated as „largely modified‟. 
However, the estuary is ranked as the 7
th 
most important system in South African in terms of conservation 
importance (calculated on the basis of size, habitat, zonal type rarity and biodiversity) (Taljaard et al., 2003). 
 
Ecological Category represents the level of protection assigned to an estuary which is used to determine the 
Ecological Water Requirement Flow Scenario. Because the estuary is highly important and a Ramsar Site, it is 
recommended that it should be protected. However, the likelihood of the estuary attaining this status is limited 
by anthropogenic impacts such as the major dam developments in the catchment that have reduced river inflow 
to the estuary by more than 50 %, the road across the salt marsh area, seepage of saline water from mining 
developments and human disturbance of birds. The Best Attainable Status for the estuary is therefore considered 
to be an Ecological Category C. To maintain the estuary in its current ecological status, a mean annual runoff of 
4 529.73 x 10
6
 m
3 
is required (Taljaard et al., 2003). 
3.1.4 Climate 
The Orange River Estuary is situated in the cool temperate geographical region. Average annual precipitation is 
only 50 mm.yr
-1
 with an average potential evaporation of over 3 000 mm.yr
-1
. The sparse rainfall occurs mainly 
in winter. Single very rare heavy showers can account for as much as the normal annual precipitation. The 
highest average maximum temperature (25 
o
C) occurs in January and the lowest average minimum temperature 
(9 
o
C) occurs in July (Williams, 1990). The combination of the cold Atlantic waters and the warm semi-arid 
environment causes a high incidence of fog (Bornman et al., 2002). 
3.1.5 Socio-Economic Importance 
Construction of the weir at Boegoeberg for irrigation purposes began in 1906. Irrigation development in the 
Upper Orange water management area was stimulated by the construction of several dams. Great expansions of 
irrigation were made possible along the Orange River in both water management areas by constructing the 
Gariep and Vanderkloof dams in the Upper Orange water management area during the 1970‟s. Two large hydro-
power stations were also constructed at Gariep and Vanderkloof dams (PDNA, 2004).  
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Exploitation of coastal diamond deposits in the southern African region started in 1908 with the discovery of 
surface deposits near Lüderitz, Namibia, and discovery of large diamond-gravel deposits north and south of the 
Orange River Mouth from 1927 - 1945. Namibia is the main producer of coastal and marine diamonds in the 
region, producing a total 90 million carats since 1908. Namibian annual production increased rapidly from 1960 
to exceed 2 million carats by 1969, and then declined as terrestrial coastal gravel deposits became increasingly 
depleted. The contribution by marine mining to Namibian production escalated from 3.5 % in 1988 to 60 % by 
2005, boosting annual production to over 1 million carats. In contrast, marine diamonds contribute only 1 % - 2 
% of total South African production. However, similarly to Namibia, the contribution of marine diamonds to 
production in northern Namaqualand has increased from 10 % in 1997 to over 70 % since 2001 (Pisces 
Environmental Services (Pty) Ltd (2008). Marine diamonds currently comprise ~10% of South Africa‟s total 
diamond production (Strydom and King, 2009). 
 
In September 1995, the Orange River mouth was placed on the Montreux Record following the collapse of the 
salt marsh component of the estuary. The rapid degradation of the salt marsh was the result of a combination of 
impacts, both at and upstream of the wetland. These included adjacent diamond mining activities, flow 
regulation of the Orange River as a result of dam construction, mosquito control measures and poor management 
of the mouth (Montreux Record, 1998). In May 2005, the state diamond-mining company, Alexkor was sued in 
the Land Claims court for the degradation of the wetland at the mouth of the Orange River.  The Richtersveld 
community sued Alexkor for up to R2.5-billion in compensation, and the return of more than 84 000 ha of land, 
including the wetland, which is a declared Ramsar site.  During the case, environmental expert, Tony Barbour of 
the University of Cape Town told the court that the wetland was damaged by dust from Alexkor's mining 
activities and by roads built over it.  They concluded that a series of changes over decades in the hydrology of 
the Orange River, including construction of major dams and abstraction of water for irrigation schemes and the 
Orange/Fish scheme, also played a role in destroying the salt marshes (Maclennan, 2005). The salt marsh on the 
south bank of the river has been degraded by a dyke, which was built to allow Alexkor personnel access to the 
beach. Furthermore, material from the Alexkor dumps has been blown across the salt marsh, and through 
abrasion, clogging and other factors, has killed much of this vegetation (BirdLife International, 2011). 
3.2 Olifants Estuary  
3.2.1 Location 
The Olifants Estuary is located approximately 250 km north north-west of Cape Town on the west coast of South 
Africa (Morant, 1984). Agriculture comprises approximately 5 % of the catchment land-cover of the system. 
Most of this is temporary commercial dryland agriculture and temporary and permanently commercial irrigated 
agriculture. About 2 % of the catchment is degraded by dongas, sheet erosion and overgrazing. Approximately 
93 % of the Olifants catchment is natural, mainly shrubland, bushland and grassland. Urban development 
accounts for less than 1 % of the land-cover in the Olifants catchment. Most of this is residential development, 
mines and quarries (Fairbanks et al., 2000). Mayor towns in the Olifants catchment include Lutzville, Vredendal 
and Vanrhynsdorp situated in the lower catchment; Nieuwoudtville in the middle of the catchment, Calvinia and 
Loeriefontern in the upper catchment (Harrison et al., 2001). Mean annual run-off has been estimated at 122 x 
10
6
 m
3
 (Morant, 1984). 
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3.2.2 River 
The Olifants River has a total length of approximately 260 km (Morant, 1984): There are approximately 1100 
km of major rivers and tributaries in the Olifants system of which the most important is the Doring River that 
joins the Olifants Estuary 20 km downstream from the Bulkshoek Dam. The Doring is a semi-permanent river 
whose flow varies considerably: in winter the flow is very strong, whereas in summer the river is reduced to a 
chain of pools. The Doring River contributes a large proportion of the silt and clays carried down to the Olifants 
Estuary (Morant, 1984). 
 
The Olifants/Doring system has a catchment of approximately 49 000 km
2
, making it one of the largest 
catchments in South Africa (Morant, 1984; Harrison et al., 2001). The naturlised MAR of 1070 x 10
6
 m
3
, 
however, only contributes about 2 % to the country‟s MAR (DWAF, 1997). At present the main stem of the 
Olifants River has two major dams, namely the Clanwilliam Dam (with a capacity of 127 x 10
6
 m
3
) and the 
Bulshoek Dam (with a capacity of 7.5 x 10
6
 m
3
) (Taljaard, 2006b). 
 
The flow pattern of the Olifants River has been modified by the Bulshoek irrigation barrage   (with a capacity of 
7.5 x 10
6
 m
3
) and the Clanwilliam Dam (with a capacity of 127 x 10
6
 m
3
). (Adams, et al., 2005). There are also a 
large number of privately owned irrigation schemes, namely: 
 
1. In the Koue Bokkeveld and in the Agter Witzenberg area (upper reaches of the Olifants River) 
numerous farm dams have been constructed for the irrigation of deciduous fruit and vegetables. The 
total irrigated area is approximately 8 600 ha. 
2. At the confluence of the Tankwa and Doring Rivers water is abstracted from the Doring River for 
the irrigation of 350 ha of land from water works of the Elandskaroo Irrigation Barrage. 
3. Oudebaaskraal Dam on the Tankwa River is the largest privately owned farm dam in S.A., with live 
storage of 34 x 10
6
 m
3
. It supplies water irregularly to approximately 320 ha of land, irrigated by the 
farmer on an opportunistic basis. 
4. Along the Olifants River upstream of the Clanwilliam Dam there are numerous small individual 
private schemes with various abstraction systems, including pump stations, weirs, canals and off-
channel dams mainly to irrigate citrus. The total irrigated area is approximately 10 700 ha 
(Department of Water Affairs and Forestry, 2005).  
3.2.3 Estuary 
The Olifants Estuary is tidal for approximately 32 km upstream (Adams et al., 2005). An impact of the extensive 
water abstraction in the catchment is that low base flows occur for longer periods at present compared to natural 
conditions and seawater now extends further upstream. The occurrence of major floods (> 100 m
3
 s
-1
) has been 
reduced from 54 to 41%. A reduction in the frequency of floods may result in reed encroachment, sediment build 
up and choking of the main channel, particularly in the upper reaches of the estuary (Adams and Bate, 1997).  
 
The Olifants Estuary is one of only two permanently open estuaries on the west coast of South Africa (Adams 
and Bate, 1997; Taljaard, 2006). The mouth is situated between a large 
sand spit on the south and a rocky bluff on the northern side (Taljaard, 2006),  and its position is maintained by a 
rocky platform on the northern bank (Morant, 1984; Adams et al., 2005). The estuary is approximately 100 m 
wide in the upper reaches and increases in width to 250 m in the middle and lower reaches. In the lower reaches 
numerous erosional and deposition events have shaped and reformed the area (Morant, 1984). Three channels 
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occur in the mouth area, of which only one is open to the sea, one is blind and receives only tidal water and the 
third has not functioned as a proper estuary channel in the last 130 years (Morant, 1984; Adams and Bate, 1997; 
Adams et al., 2005). 
 
The Estuarine Health Index of the Olifants Estuary based on its present status is scored as 70, which translates to 
a Present Ecological Status of C (i.e. moderately modified). However, it is likely that the estuary is on a negative 
trajectory of change, because of the extremely low base flows under the Present State (< 1 m
3
.s
-1
), particularly 
during the summer months. Maintaining the status quo is therefore likely to result in continued modification of 
the ecological status of the estuary. The estuarine importance is scored as „highly important‟, and has been 
targeted as a „desired protected area‟ (DWAF, 2004; Taljaard, 2006). 
3.2.4 Climate 
The Olifants Estuary is situated in the cool temperate geographical region. Climatic conditions vary considerably 
as a result of the variation in topography. Minimum temperatures in July range from -3 to 3 
o
C and maximum 
temperatures in January can increase to 44 
o
C. The area lies within the winter rainfall region, with the majority 
of rain falling between May and September. The mean annual precipitation is up to 1 500 mm in the Cederberg 
mountains in the south-west, but decreases to about 200 mm to the north, east and west thereof, and to less than 
100 mm in the far north of the water management area. Average gross mean annual evaporation (as measured by 
Symons pan), ranges from 1 500 mm in the south-west to more than 2 200 mm in the dry northern parts 
(Department of Water Affairs and Forestry, 2005). Coastal fog is fairly common (Morant, 1984) and is an 
important contributor of moisture in semi-arid areas such as the Olifants Estuary (Bornman et al., 2008).  
3.2.5 Socio-Economic Importance 
The north bank of the Olifants Estuary consists of private farms, while the south bank consists of the settlements 
of Papendorp and Ebenhaeser and their associated lands. The aridity of the area restricts agricultural activity to 
sheep and goat grazing except at Ebenhaeser, where irrigation with water from the lower Olifants River 
Irrigation Scheme is possible. Marine diamond mining takes place along the coast on the north bank. A saltpan 
in the lower reaches of the estuary is leased to a number of persons who work the pan on a subsistence level.  
(Morant, 1983).  Approximately 200 subsistence fishers derive their main livelihood by fishing in the Olifants 
Estuary (Taljaard, 2006). 
 
The estuary is used occasionally as a harbour for small craft (less than 10 m in length) but the water over the bar 
at the mouth is shallow (0.6 m) and the sea is usually rough with large breakers. The estuary is unsuitable for 
recreational boating due to the strong tidal and river currents (during floods) (Morant, 1984). 
3.3 Great Brak Estuary  
3.3.1 Location 
The Great Brak Estuary is located approximately 24 km west of Mossel Bay and 34 km east of George on the 
south coast of South Africa (Morant, 1983). The system has a catchment of approximately 192 km
2
 (Day, 1981). 
Forestry and agriculture are the principal land uses in the catchment. Forestry plantations were established in 
1991 and roughly one third of the catchment is under state forest. The state has adopted a policy of clearing alien 
vegetation (Acacia cyclops A.Cunn. ex G. Don) and burning large blocks of flat land to increase timber and 
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water yields from the catchment (Morant, 1983). Mean annual run-off has been estimated at 24 x 10
6
 m
3
 
(EMATEK, 1992). 
3.3.2 River 
The Great Brak River has a length of approximately 28.5 km, and has many unnamed tributaries. The main 
tributaries are the Perdebergriver, Tweerivers and Varingsriver (Morant, 1983). These three combined contribute 
79 % of the freshwater that reaches the estuary (Morant, 1983). 
 
The flow pattern of the Great Brak River has been modified by two large dams, i.e. the Ernest Robertson Dam 
(built in 1954-1956 with a capacity of 0.46 x 10
6
 m
3
) and the Wolwedans Dam (built in 1990 with a capacity of 
25.1 x 10
6
 m
3
) (Morant, 1983; Huizinga, 1995). The Wolwedans Dam is situated 2 km upstream of the estuary 
and has the capacity of storing ca 65 % of the mean annual run-off of the Great Brak River catchment (Huizinga, 
1995). Furthermore, numerous small dams occur on the various tributaries. These impoundments serve to 
considerably reduce water flow in the main river and thus contribute to the problem of sand deposition in the 
channels and near the mouth of the estuary (Morant, 1983). 
3.3.3 Estuary 
The estuary is approximately 6.2 km long with a high tide area 0.6 km
2
 and a tidal prism of 0.3 x 10
6
 m
3
. The 
estuary is temporarily open/closed and is bounded by a low rocky headland on the east and a sandspit on the 
west. Immediately inland of the mouth the estuary widens into a lagoon basin containing a permanent island 
about 400 x 250 m in size. The lower estuary is relative shallow (0.5 to 1.2 m deep) with some deeper areas in 
scouring zones near the rocky cliffs and bridges. The middle and upper estuary is less than 2 m deep, with some 
deeper areas between 2 and 4 km from the mouth varying between 3 and 4 m deep. There is an open active 
northern channel and an infrequently open southern channel. During periods of low river flow a sandbar 
develops in the southern channel. Sand transported by the west-bound long shore drift, wave action in the mouth 
and local wave refraction around the delta closes the channel and outflow is confined to the northern channel. 
The mouth of the Great Brak Estuary generally closes when high waves coincide with periods of river flow. 
After the sandbar in the southern channel is breached, flow in the northern channel is much reduced and 
sandbanks of marine origin form in the channel. The situation is aggravated by the influx of windblown sand 
from the dunes on the bluff to the east. If the natural functioning of the estuary is not disturbed, flow through the 
northern channel will be maintained. If the mouth is opened prematurely the scouring action of the out-flowing 
water is greatly reduced. This decreases the amount of sand removed from the northern channel. The northern 
channel has become shallower as a result of reduced water flow in the river by dams and water abstraction in the 
catchment (Morant, 2003; van Niekerk et al., 2008). 
 
The normal rate of flow to the estuary has been considerably reduced during the last decades from 36.8 x 10
6
 m
3
 
under natural condition to 16.25 x 10
6
 m
3
 at present by afforestation, direct abstraction and damming (van 
Niekerk et al., 2008). Extensive water abstraction in the catchment has led to artificial breaching of the mouth 
(CSIR, 2000). A Management Plan was developed during the construction of the dam and the effectiveness of 
the Management Plan was monitored from 1990. The main aim was to utilize the water available for the estuary 
in the most optimal way (CSIR, 2003). The present management of the estuary is designed to imitate the natural 
functioning of the system as far as possible and involves simulating the role of flooding in scouring open the 
closed mouth. Water is released from the Wolwedans Dam, the estuary gradually fills to a designated level and 
breaching of the mouth is initiated mechanically (so as to avoid the inundation of low-lying properties) (van 
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Niekerk et al., 2008). The aim is to further increase open mouth conditions during spring and summer for the 
following reasons: 
 
1. An estuary fulfils a major ecological role as a nursery for marine fish. Migration of juvenile fish 
into estuaries on the South African coast occurs mainly during spring and summer, and this 
migration can only take place when the mouth is open.  
2. The salt marshes should not be inundated for too long, especially during spring and summer. 
This will negatively affect the germination of the salt marsh vegetation. Additionally, fauna such 
as marsh crabs would also be negatively affected (CSIR, 2003). 
3. The South African coastline is characterized by strong wave action, responsible for mouth 
closures especially during winter. Overwash is also the cause of the influx of considerable 
amounts of beach and marine sediment into the estuary. It is therefore beneficial to keep the 
mouth closed, if possible, during autumn and winter and to have it open in spring and summer 
(CSIR, 2003). 
4. Water quality problems are more likely to develop when the mouth is closed during spring and 
summer, as the temperatures are higher and the loading of nutrients and pollutants are increased 
due to the holiday season (CSIR, 2003). 
5. Residents and visitors prefer, in general, an open mouth during the summer holiday season (van 
Niekerk et al., 2008) 
 
As a result, efforts were made to keep the estuary open during spring and summer by means of planned water 
releases. The amount of water required for the management of the mouth depends on various circumstances e.g. 
less water is required for releases if the dam overflows regularly (CSIR, 2003). 
3.3.4 Climate 
The Great Brak Estuary is situated in the warm temperate geographical region and receives more or less equal 
amounts of rain throughout the year with slight peaks in spring and autumn (Morant, 1983). The topography 
affects the amount of rainfall received: the mountains in the vicinity of George receive about 1 100 mm per 
annum whereas the plains south of Riversdale in the west of the region receive only 400 mm. The mean annual 
runoff as calculated at the Wolwedans gauging station in the period 1961 – 1980 was 18.19 x 106 m3 (Morant, 
1983). The recorded annual run-off varies from as little as 4.3 x 10
6 
m
3
 to as large as 44.5 x 10
6 
m
3
 (CSIR, 2003). 
The highest average maximum temperature (26 
o
C) occurs in January and the lowest average minimum 
temperature (7 
o
C) occurs in July (Morant, 1983). 
3.3.5 Socio-Economic Importance 
Residential developments in the area include Great Brak village, The Island and the following townships: 
Bergsig, Greenhaven, Southern Cross and Hersham Beach. The estuarine and coastal zones of the Great Brak 
River are used for recreational activities, such as swimming, canoeing and boating activities by residents and 
tourists (Morant, 1983). 
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3.4 Kromme Estuary  
3.4.1 Location 
The Kromme Estuary is located approximately 80 km west of Port Elizabeth on the south coast of South Africa 
(Figure 3-1). The system has a catchment of approximately 936 km
2
 and consists of 1.73 km
2
 of natural forest, 
79.6 km
2
 of fynbos, whilst the remainder consists mainly of private farms for livestock and grain cultivation 
(Baird et al., 1992). Mean annual run-off has been estimated at 106 x 10
6
 m
3
 (Bickerton and Pierce, 1988; 
Adams et al., 1999). 
3.4.2 River 
The Kromme River is approximately 95 km long (Scharler and Baird, 2000) and has many unnamed, small 
ephemeral tributaries that support dense pockets of indigenous vegetation. The main tributary is the 
Geelhoutboom River, which originates south of Humansdorp, and joins the Kromme Estuary about 8 km 
upstream of the mouth. Other tributaries are the Dwars River (8 km downstream of the source of the Kromme 
River), the Diep River (downstream of the Churchill Dam), the Klein River (11.6 km upstream of the mouth), 
the Boskloof River (5.2 km upstream of the mouth), the Sand River (2 km upstream of the mouth) and the Huis 
River (1 km upstream of the mouth) (Baird et al., 1992). Under natural conditions the Geelhoutboom tributary, 
on average, is estimated to have contributed less than 5 % of the freshwater inflow into the estuary throughout 
the year. Under current conditions this contribution is less than 1 % in mid- to late summer but typically between 
10 to 30 % during the remainder of the year (i.e. the peak contribution is during the early part of the wet season). 
Under current conditions, during dry years the Geelhoutboom tributary contribution is negligible in terms of 
freshwater inflow to the Kromme Estuary in the dry summer months but typically 15 to 20 % during the 
remainder of the year. During wet years the freshwater contribution from the Geelhoutboom ranges between 5 to 
10% during the rainy season in late winter to early spring to approximately 20 % during the dry months in mid to 
late summer. The contribution from the Sand River is considered to be negligible (Coastal and Environmental 
Services, 2006). 
 
The flow pattern of the Kromme River has been modified by two large dams, i.e. the Churchill Dam (built in 
1943; capacity of 33 x 10
6
 m
3
) and the Mpofu Dam (built in 1983; capacity of 107 x 10
6
 m
3
) (Bickerton and 
Pierce, 1988; Bate and Adams, 2000). Both dams have the combined capacity of storing ca 133 % of the mean 
annual run-off of the Kromme River catchment (Bate and Adams, 2000; Scharler and Baird, 2000). The dams in 
the catchment are considered to attenuate all floods with a return period of less than 1 in 30 years (Bickerton and 
Pierce, 1988). 
3.4.3 Estuary 
The Kromme Estuary is tidal for approximately 14 km (Bickerton and Pierce, 1988). A massive sandspit of 
about half a kilometre long extends from the south bank of the estuary mouth and tends to push the mouth 
channel northwards. In the lower reaches of the estuary (up to about 5 km from the mouth) channel depths are 
around 1.5 m, characterised by a sandy bottom substrate. Further upstream, the estuary becomes deeper (3 to 5 
m). In the upper reaches current velocities are usually lower than 0.3 m.s
-1
, while current velocities of 1 m.s
-1
 are 
common near the mouth. Extensive salt marshes cover the banks of the estuary in the middle and lower reaches, 
while the channel meanders between vegetated cliffs in the upper reaches. A marina has been developed on the 
west bank near the mouth (Coastal and Environmental Services, 2006). The mouth of the Kromme Estuary is 
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flood tide dominated resulting in the ingress of marine sediment in its lower reaches (Bickerton and Pierce, 
1988).  
 
A direct impact of the extensive water abstraction in the catchment is the presence of high water column salinity 
throughout the year and the occasional occurrence of hypersaline conditions in the upper reaches. Several studies 
have characterised the estuary as freshwater-starved (e.g. Marais, 1983; Hanekom and Baird, 1984; Emmerson 
and Erasmus, 1987; Adams et al., 1992; Newman, 1993; Jerling and Wooldridge, 1994). Data collected during 
the past 30 years show that both the Sand and Geelhoutboom Rivers, the biggest tributaries to the Kromme 
system, are not viable freshwater contributors to the estuary (Scharler et al., 1997). Salinity values above 35 PSU 
dominate at the tidal head of the estuary, whereas lower salinity values (< 35 PSU) were only measured 
occasionally near the surface in the upper reaches of the estuary (Scharler et al., 1997). 
 
The mouth of the estuary is permanently open and experiences regular tidal inflow and outflow, which is 
sufficient to maintain a tidal inlet. Consequently, the flood-tidal delta of the Kromme is well-developed and 
extends 4-5 km upstream of the mouth where it produces large intertidal sand flats, which are densely colonised 
by burrowing infauna (mainly Callianassa spp.). The open connection with the sea and strong tidal currents, 
permit both active and passive migration of biotic elements and enable the maintenance of “typical” estuarine 
water level fluctuations creating extensive sandy intertidal areas and salt marshes, which are important habitats 
for the estuarine biota (Harrison et al., 1996a; Harrison et al., 1996b). 
 
The Estuarine Health Index Score calculated for the Kromme Estuary based on its present status is 49, which 
translates to a present Ecological Status of D (i.e. largely modified). However the Estuarine Importance Score is 
rated as “important‟. The Kromme Estuary has been targeted as a Desired Protected Area. The policy basis 
suggests that it should be restored to and maintained in the best possible state of health. However, it has been 
decided that based on current impacts, mostly caused by dams in the catchment, it is unlikely that this status 
would be realistically attained, and it is recommended that the estuary should be in an Ecological Reserve 
Category C (Coastal and Environmental Services, 2006). 
3.4.4 Climate 
The Kromme Estuary is situated in the warm temperate geographical region and receives maximum rainfall 
during autumn and spring (Baird et al., 1992; Bickerton and Pierce, 1988). The mean monthly rainfall recorded 
during the period 1960-2003 was 54.3  ± 5.1 mm) (Coastal and Environmental Services, 2006). The mean annual 
precipitation in the Kromme River catchment ranges from 700 mm to 1 200 mm (Reddering and Esterhuyzen, 
1983). Pitman et al. (1981) gives the mean annual precipitation for the upper catchment of the Kromme as 764 
mm and that of the lower catchment as 636 mm. The highest average maximum temperature (22 
o
C) occurs in 
January and the lowest average minimum temperature (14 
o
C) occurs in July. 
3.4.5 Socio-Economic Importance 
The open water of the Kromme Estuary is listed as 125 ha (Sowman and Fuggle, 1987). The Kromme Estuary 
supports many recreational activities including fishing, birding, bait collection, waterskiing, canoeing, boat 
cruisers, hiking and swimming (Adams, 2001). Tourism is viewed as an important income generator in the area 
(Davies, 2009 in Sale et al., 2009). There is considerable concern that the recreational capacity of the Kromme 
River estuary is being exceeded. In 1992, the estimated increase of recreational activities on the river in peak 
holiday periods was ~400 %. Calculations were done using international safe space standards and it was 
determined that the carrying capacity of the river in terms of power boating and sailing activities is exceeded in 
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peak holiday times. This implies that the river becomes unsafe for public use in these times (ARSC Kromme 
River Structure Plan, 1992). It is estimated that the estuary is a significant contributor to property estuaries in the 
area and that it contributes between R13 and R26 million per annum to the total value .  
3.5 Seekoei Estuary  
3.5.1 Location 
The Seekoei Estuary is located approximately 60 km west of Port Elizabeth on the east coast of South Africa 
(Figure 3-1) and separates Aston Bay (northern bank) from Paradise Beach (southern bank). The system has a 
catchment of approximately 312 km
2
 and consists largely of privately-owned farmland.  In the upper catchment 
extensive sheep farming is practised whereas closer to the coast natural grazing by cattle and sheep is alternated 
with wheat (Bickerton and Pierce, 1988; Fromme and Badenhorst, 1987). 
3.5.2 River 
The Seekoei River has a length of approximately 30 km (Fromme and Badenhorst, 1987) and has several 
unnamed water courses. The main tributary of the Seekoei is the Swart River, which joins it approximately 1.4 
km upstream of the mouth. A tributary of the Swart River is the Rondebos River which joins it in its upper 
catchment. Mean annual run-off has been estimated at 27 x 10
6
 m
3
 (Fromme and Badenhorst, 1987). 
Obstructions in the catchment of the Seekoei River consist of many small farm dams situated on the various 
minor tributaries as well as causeways for roads. Farm dams have been shown to have a severe effect on 
catchments with low run-offs, particularly during dry years (Bickerton and Pierce, 1988). The Seekoei has 
between 25 and 30 dams of various sizes in its catchment (Coastal and Environmental Services, 2006). The 
negative impacts of the dams in the Seekoei catchment were illustrated during the winter of 2000 when rains 
caused the mouth of a similar nearby estuary, the Kabeljous, to breach naturally, whereas the mouth of the 
Seekoei remained closed (Van Niekerk, 2006). 
3.5.3 Estuary 
Current hydrology indicates that historically the mouth of the Seekoei River used to be predominantly open. 
These open mouth conditions were maintained by continuous low river inflow (baseflow) from the catchment 
and farm dam developments in the catchment had reduced this baseflow to such an extent that it had often 
stopped completely (Coastal and Environmental Services, 2006). The Seekoei Estuary is now classed as 
temporarily open/closed and has a tidal reach of approximately 4.2 km (Fromme and Badenhorst, 1987). A direct 
impact of the extensive water abstraction in the catchment is the presence of high salinity throughout the year 
and the occasional occurrence of hypersaline conditions. During the 1988/89 drought in the Eastern Cape, no 
river water entered the estuary owing to the complete retention of all flow by farm dams in the area. During 
April 1989, the salinity in the middle and upper reaches of the Seekoei Estuary attained 98 PSU, whereas those 
immediately adjacent to the mouth ranged between 47 and 50 PSU. The lower salinity near the mouth was 
presumably a result of seawater seepage into the estuary and septic tanks from adjacent towns (Whitfield and 
Bruton, 1989). The moderating influence of seawater seepage was, however, limited to the area below the 
causeway. Above the causeway, evaporation resulted in water levels declining to such an extent that less than 40 
% of the original estuarine surface area remained in April 1989. The excessive abstraction of freshwater in the 
Seekoei/Swart River catchments during the drought was sufficient to result in hypersaline estuarine conditions 
and the loss of a high proportion of the aquatic biota and associated avifauna (Whitfield and Bruton, 1989). 
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One of the main obstacles to sustainable management of the Seekoei Estuary is that properties on the lower 
reaches of the estuary were surveyed prior to 1934. This means that the Sea Shore Act (No 21 of 1935) does not 
apply to these properties. As a result, until the promulgation of the Environmental Impact Assessment 
regulations in 1997, the State has had little control over developments in this area (Van Niekerk, 2006). Some of 
the consequences of this were the construction of a car park in 1969 and then a swimming pool in 1973 on the 
northern bank of the estuary. This forced the mouth/drainage channel southwards to an area without a rock sill. 
Consequently the estuary drained completely during low tide, and large amounts of marine sediments were 
transported into the estuary with the incoming tides. In an effort to prevent this a causeway was built across the 
estuary 700 m upstream of the mouth in 1973, but due to inadequate design and construction, the causeway 
disrupted the natural functions of the estuary (Esterhuysen, 1983; Bickerton and Pierce, 1988; Van Niekerk, 
2006), and occasionally prevents the estuary from draining completely after breaching (Coastal and 
Environmental Services, 2006). The culverts in the causeway could not cope with flood flow, resulting in the 
damming of water upstream of the causeway. This in turn resulted in a reduction in the flushing effect that 
accompanies these floods being greatly reduced and very little sand being flushed out of the system, leading to 
an increase in sedimentation. The water level above the causeway was then also higher than the mean sea level, 
resulting in the mudflats that were naturally exposed from time to time, being kept under water (Bickerton and 
Pierce, 1988).  
 
Later a road was constructed across the causeway to provide a convenient connection for traffic between Aston 
Bay and Paradise Beach. It formed a major bottleneck to the tidal flows at open mouth conditions and also at 
river floods, as described in the earlier report (CSIR, 1990). Further obstructions to tidal flows were caused by 
the construction of the concrete canal where historically, the mouth of the estuary was located, connecting the 
main channel to the sea. Outflow used to occur here over a rocky sill. The purpose of the concrete canal, which 
has an elevated floor level at that of the average high water springtide, was apparently to prevent the Seekoei 
Estuary from draining completely during open mouth conditions (Mr Le Roux, Town Engineer pers. comm. in 
Coastal and Environmental Services, 2006). Limited tidal exchange took place through this canal and after a 
mouth breaching, the mouth closed when the water level had dropped sufficiently. The mouth normally only 
stayed open for a few days because of the obstruction of the canal to tidal flows. Only limited influx of seawater 
occurred at high water during springtides. Mouth closure often occurred in front of the canal and artificial mouth 
breaching was regularly undertaken. Considerable sedimentation occurred at the lower end of the canal and 
major efforts were regularly required to remove this (Coastal and Environmental Services, 2006). 
 
During March 2000 a crisis situation arose when the causeway was flooded. The mouth was then breached at the 
constructed channel and the causeway became accessible again. This was an access decision and, although the 
Department of Nature Conservation permitted it, no other factors appear to have been taken into account. This 
action was taken despite the presence of an alternative road which, although sometimes in bad condition, can be 
used in times of flooding. 
 
More recently, the facilities near the mouth have been removed and the causeway has been upgraded to allow 
tidal flushing and flood flows. However, the situation remains, i.e. sedimentation is still present and the position 
of the mouth has not shifted back to the original position. 
 
The estuarine health index of the estuary in its current status has been scored as 42, which translates to an 
ecological status of „largely modified‟, however the estuarine importance is rated as „important‟. Because the 
Seekoei Estuary is a Nature Reserve, the recommended Ecological Reserve Category is Category A (i.e. a 
protected area that must be restored to and maintained in the best possible state of health). However, there are 
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several aspects contributing to the present state of the estuary (e.g. numerous farm dam developments in the 
catchment, the causeway running through the estuary, an increase in suspended solids in the inflowing water and 
artificial mouth manipulation) that makes the attainment of a Category A status unlikely, and it is therefore 
recommended that the estuary be improved into the highest achievable Category B (Coastal and Evironmental 
Services, 2006).    
3.5.4 Climate 
The Seekoei Estuary is situated in the warm temperate geographical region and receives maximum rainfall 
during autumn and spring (Bickerton and Pierce, 1988; Fromme and Badenhorst, 1987). The rainfall pattern 
varies both seasonally and annually and therefore the nature of the run-off is erratic (Sediment Dynamics 
Division, 1986). The highest average maximum temperature (22 
o
C) occurs in January and the lowest average 
minimum temperature (14 
o
C) occurs in July. 
3.5.5 Socio-Economic Importance 
Recreational activities on the Seekoei include boating, board-sailing and angling in the lower reaches (i.e. below 
the causeway). No boating is allowed in the upper reaches above the causeway (Bickerton and Pierce, 1988). 
The Seekoei Nature Reserve is found at the confluence of the Seekoei and Swart rivers, and comprises an area of 
~66 ha. It was developed to protect waterbirds, amongst other biota. The reserve has public amenities including a 
hiking trail, lapa and bird hide. The reserve hosts approximately 120 bird species 
(http://www.wheretostay.co.za/information/topic/3508).  
3.6 East Kleinemonde Estuary  
3.6.1 Location 
The East Kleinemonde Estuary is situated 15 km north east of Port Alfred on the east coast of South Africa. 
(Cowley et al. 2003) (Figure 3-1). This system drains a catchment area of approximately 46 km
2
 (Badenhorst, 
1988). The East Kleinemonde River catchment is characterized by agricultural land, which is used primarily for 
stock farming. However, the stream and river valleys are relatively undisturbed and covered by natural Valley 
Bushveld vegetation. Residential development in the area consists of three townships namely: Seafield on the 
eastern bank, Island Beach and Island Beach North on the western bank. Residential homes with lawns up to the 
water‟s edge dominate the lower region of the estuary along the east bank. The East Kleinemonde Estuary was 
proclaimed an estuarine conservancy in 1996 following the discovery of the once believed extinct estuarine 
pipefish, Syngnathus watermeyeri Smith (Cowley and Daniel, 2001).  
3.6.2 River 
Mean annual run-off has been estimated at 2 x 10
6
 m
3
 (NRIO, 1987; Badenhorst, 1988).  
3.6.3 Estuary 
The East Kleinemonde Estuary is a medium sized temporarily open/closed estuary. This system has a surface 
area of approximately 17.5 ha, excluding the shallow salt marsh area, which is only inundated during periods of 
high water levels (Cowley and Daniel, 2001). The width of the estuary is approximately 100 m in the lower and 
middle reaches and narrows down to less than 5 m in the upper reaches. The main channel has a maximum depth 
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of 2.5 m, with most of the estuary having a littoral zone of less than 1 m deep. The cross-sectional area of the 
system steadily decreases from the mouth (154 m
2
) to the head (24.5 m
2
), with an average of 82.1 m
2
 (Cowley 
and Daniel, 2001; Cowley et al., 2003). 
 
The mouth dynamics of the East Kleinemonde Estuary are well documented (Cowley, 1998). The data 
demonstrate that open mouth conditions were only evident 2.5 % of the time, while overwash (occurring 16.4 % 
of the time) conditions appeared to be important in promoting marine influences on the system. During the 
period 1993-1998 open mouth conditions occurred during every month except March and July, demonstrating 
the variable nature of the mouth phase (Cowley, 1998). 
3.6.4 Climate 
The East Kleinemonde Estuary is situated in the warm temperate geographical region and receives more or less 
equal amounts of rain throughout the year with slight peaks in autumn and spring.  
3.6.5 Socio-Economic Importance 
The East Kleinemonde Estuary lies in the heart of a small “resort-type” residential area and provides a number of 
services including: recreational and subsistence fishing and bait collection, water skiing, canoe and hiking trails, 
boat cruises and swimming. The small township (Seafield, Island Beach and Island Beach North) consists of 
approximately 500 plots zoned for residential development. The collective value of all properties in the area is 
large and directly related to the estuarine environment. No informal settlements exist on or near the banks of the 
estuary. The only commercial industry linked to the estuary is the coastal road (R72) linking the coastal cities of 
Port Elizabeth and East London. Because the estuary is situated in a rural area it also provides services to 
farmers in the upper reaches and the catchment area (e.g. livestock grazing) (Cowley and Daniel, 2001). 
3.7 Mngazi Estuary 
3.7.1 Location 
The Mngazi Estuary is located south of the coastal town of Port St. Johns on the Transkei coast of the Eastern 
Cape. This system drains a catchment area of approximately 561 km
2
 (van Niekerk and Huizinga, 2005). 
Agriculture accounts for approximately 29 % of the catchment land-cover in the Mngazi system. Most of this 
comprises subsistence farming, commercial forestry and temporary commercial irrigated agriculture. Only 1 % 
of the catchment is degraded, comprising degraded bushland and grassland. Approximately 62 % of the land-
cover is natural; mostly grassland, bushland and forest. Residential (rural) development accounts for 
approximately 7% of the catchment land-cover in the Mngazi system (Fairbanks et al., 2000).  
3.7.2 River 
Mean annual run-off has been estimated at 87 x 10
6
 m
3
 (van Niekerk and Huizinga, 2005). The Mngazi River is 
currently undeveloped; however, there are a number of proposed plans that will impact the estuary in the future. 
These plans form part of the Spatial Development Initiative for this area. As much as 50 % of the natural mean 
annual run-off may be extracted from the river in the future (Adams, 2000). Developments currently in progress 
in the catchment of the Mngazi system that could have a major negative impact on the ecology and long-term 
viability of this estuary are: 
 
 36 
1. Upgrading and augmentation of the Libode Regional Water Supply Scheme in the upper catchment. 
2. The Umzimvubu Regional Water Supply Scheme to 14 villages in the lower half of the catchment. 
3. A Community Based Public Works Programme financing an irrigation scheme near Tombo.  
4. Existing unlicensed irrigation to private vegetable farms immediately upstream of the Umtata – Port St. 
John‟s bridge.  
5. The proposed Port St. John‟s SDI Water Supply Project for augmentation of water to the town as well 
as surrounding rural villages, and tourism developments (Adams, 2000). 
3.7.3 Estuary 
The Mngazi Estuary is tidal for approximately 6.5 km (Mbande et al., 2005). A concern regarding increased 
water abstraction in the catchment is that the estuary is temporarily open/closed and that a relative small 
reduction in river flow can result in a significant increase in closed mouth conditions. This can have serious 
negative effects on the ecology of the estuary (van Niekerk and Huizinga, 2005). 
 
The main channel of the Mngazi Estuary ranges between 50 and 170 m in width (Day, 1981). The Mngazi 
Estuary is generally shallow (< 2 m) with some deeper sections (up to 9 m) in the middle reaches. The mouth 
region is unusually shallow (± 0.5 m) but there are deeper sections depending on the state of the mouth (Harrison 
et al., 1998). The mouth is separated from the sea by a wide sand barrier and narrow mouth that limit the 
influence of the sea on the estuary. In addition, under low river flow conditions, the estuary flows over a rocky 
sill on the east bank before entering the sea. The sill is perched and as a result tidal amplitude is reduced. During 
maximum berm development, tidal flows may occasionally fail to reach the estuary even though an outflow 
channel is present. The state of the mouth, and hence tidal exchange within the estuary, is mainly dependent 
upon river flow (Harrison et al., 1998; Mbande et al., 2005).   
3.7.4 Climate 
The Mngazi Estuary is situated in the subtropical geographical region and receives maximum rainfall during 
spring and summer.  
3.7.5 Socio-Economic Importance 
The Mngazi Bungalows (holiday resort) are located approximately 800 m upstream from the mouth (van 
Niekerk and Huizinga, 2005). The waterways of the Mngazi Estuary are used mainly for recreational purposes, 
such as angling, motorboating, water-skiing and canoeing, which have led to trampling of plants and erosion of 
the estuary banks (mainly due to boating activity ). There is also a degree of human consumptive activity in the 
form of recreational and subsistence fishing, reed harvesting and bait collection. This has led to exploitation and 
damage to habitats (Adams, 2000). 
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Chapter 4: The relationship between macrophytes and 
environmental factors in a cool temperate (Olifants) versus a 
warm temperate (Kromme) permanently open estuary. 
4.1 Introduction 
Based on average seawater temperatures, the South African coast can be subdivided into three broad 
climatological regions (Allanson and Baird, 1999).  These climatological / biogeographic regions are 1) the 
subtropical region from the northern border of KwaZulu-Natal to the Mbashe River and the 2) warm temperate 
region from the Mbashe River to Cape Point in the south.  Both these regions are influenced by the warm 
Agulhas Current.  Average sea temperatures off Durban exceed 22 
o
C, while off Port Elizabeth they are below 
19 
o
C (Lutjeharms et al., 2000). The third cool temperate region occurs along the west coast and is influenced by 
the Benguela Current, an area of intense upwelling.  The surface water temperatures of the Benguela system 
average between 13 and 15 
o
C (Shannon, 1989). The boundaries between these regions are not well defined and 
may vary up to 50-100 km.  Because of the climate, rainfall patterns and coastal morphology, only 18 % of 
South African estuaries are permanently open to the sea (Whitfield, 1992). 
 
Freshwater flow into South African estuaries is generally low and limited.   In many estuaries inflow rates 
average less than 1 m
3 
s
-1
. The inflow of freshwater into estuaries is reduced by dams built in catchment areas to 
supply water for agricultural, industrial and domestic use (Siegfried, 1978; Allanson and Baird, 1999; Adams et 
al., 1992). This threatens estuarine ecosystems, since fauna and flora of estuaries are uniquely adapted to varying 
freshwater inputs (Adams et al., 1992). The South African National Water Act (Act 36 of 1998), states that the 
ecological reserve must be determined for estuaries prior to the abstraction of freshwater. The Reserve is the 
amount of water required by the estuary to maintain its structure and function within a particular health class 
(Adams et al., 1992). Freshwater serves to lower the salinity of the estuary, to control the hydrodynamics and to 
initiate flocculation and sedimentary processes (Adams et al., 1992). Therefore there is a need to determine the 
importance of freshwater in estuaries and its effect on macrophyte distribution. The study sites were the 
permanently open Olifants Estuary on the west coast and the Kromme Estuary on the south-east coast (Figure 3-
1). These estuaries were chosen as recent studies were completed by the Department of Water Affairs and 
Forestry on the freshwater inflow requirements of these systems. Vegetation patterns along an elevation profile 
were investigated, as well as spatial and temporal variations in vegetation cover and sediment characteristics.  
 
The objectives of this study were: 
1. To relate the distribution of macrophytes to physico-chemical factors in the Kromme and Olifants 
estuaries. 
2. To quantify, from aerial photographs, the historical changes in macrophyte distribution in the Kromme 
and Olifants estuaries. 
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4.2 Methods and Materials 
4.2.1 GIS Mapping 
The earliest aerial photographs for the specific area was obtained and georectified using GIS software (ArcGIS 
8.3).  Vegetation was then mapped from these photographs. Recent photography for the study areas was obtained 
from the Surveyor General. Areas were calculated and compared.  The historical vegetation distribution of the 
Geelhoutboom tributary could not be determined because no aerial photos were available. 
4.2.2 Vegetation Analysis 
Four permanent transects were established in the salt marsh area of the Kromme and Olifants estuaries. Two 
transects were situated in the Geelhoutboom tributary of the Kromme Estuary and two along the main channel. 
Sites selected in the Kromme Estuary were situated in close proximity to the sites used by Adams (1991). Sites 
were selected in the Geelhoutboom tributary to establish whether salt marsh structure and the controlling 
environmental variables were similar to those of the main Kromme Estuary channel. Two transects were situated 
in the lower and two in the middle reaches of the Olifants Estuary. These sites were the same as those sampled 
by Bornman (Transect 3, 4, 7 and 8, Bornman et al., 2008). The profile and elevation above mean sea level for 
each transect was determined using a theodolite (Sokkisha TM 6). Vegetation changes were analysed by 
determining the percentage cover in two duplicate permanent quadrats (1 m
2
) located every 5m along the 
transects in the Kromme Estuary. Transects 1 and 2 in the Geelhoutboom tributary were both 140 m long and 
extended from the submerged Zostera beds (0 m) to the end of the supratidal salt marsh and terrestrial fringe 
(140 m). Transects 1 and 2 in the Kromme Estuary were 95 and 110 m in length extending from the submerged 
Zostera (0 m) to the end of the supratidal salt marsh. Vegetation changes in the Olifants Estuary were analysed 
by determining the percentage cover in replicate permanent quadrats (1 m
2
) located every 20 m along the 
transect. Transects 1 and 2 in the Olifants Estuary were both 340 m long and extended from the intertidal area of 
the blind arm (0 m) to the edge of the floodplain. Transects 3 and 4 in the Olifants Estuary were both 360 m long 
and extended from the intertidal area (0 m) through to the bottom of the 15 m high contour gravel terrace. The 
patchiness of the vegetation in the Olifants Estuary necessitated the use of random quadrats to establish a more 
accurate assessment of the percentage cover, species richness and diversity along each transect. Therefore, in 
addition to the permanent quadrats, four random quadrats (using a random number table) were located around 
the permanent quadrats and the percentage cover determined in each. The permanent quadrats were used to 
determine whether seasonal changes in vegetation cover were occurring. Vegetation cover was measured in 
summer (February / March 2004) and winter (July / August 2004). Global Positioning System (GPS) coordinates 
at the first markers in each transect were recorded (Appendix 2).  
4.2.3 Sediment Analysis 
During each field trip, sediment samples were collected in three vegetation zones along each transect. Zones 
were demarcated in the field along transects running from the terrestrial habitat into the estuarine water column, 
based on observations of coarse changes in species composition. These zones consisted of the following: 30, 80 
and 120 m from the estuary in the Geelhoutboom tributary, 10, 50 and 90 m from the estuary in the Kromme 
Estuary and 100, 200 and 300 m from the estuary in the Olifants Estuary. In each zone, three replicate samples 
were collected from three depths, i.e. 0 – 0.05, 0.05 – 0.15 and 1.0 –1.2 m. Samples were sealed and transported 
to the laboratory for analyses of sediment moisture content (Black, 1965), sediment organic content (Briggs, 
1977), sediment electrical conductivity (Barnard, 1990) and sediment particle size (Gee and Bauder, 1986).  
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4.2.3.1 Sediment Moisture Content 
Sediment moisture content was determined according to the methods set out by Black (1965). Into a crucible, 10 
g of each sediment sample were weighed and placed in a drying oven for 48 hours at 100 
o
C. The samples were 
reweighed and the moisture content was determined using the following equation: 
 
100*




 
Mw
MdMw
 
 
Where Mw is the initial wet mass and Md is the mass after drying. 
4.2.3.2 Sediment Organic Content 
The sediment organic content was determined according to the method of Briggs (1977). The dried sediment 
samples from the sediment moisture content experiment where placed in a muffle furnace (ashing oven) for 8 
hours at 550 
o
C. The crucibles were removed from the ashing oven and placed in a desiccators, containing 
anhydrous silica crystals, until cool. The percentage organic matter was calculated as a loss of mass during 
ashing as a percentage of the initial mass using the following equation: 
 
100*




 
Md
MaMd
 
 
Where Md is the initial dry mass and Ma is the mass after ashing. 
4.2.3.3 Sediment Electrical Conductivity 
Sediment electrical conductivity (mS cm
-1
) of the sediment rather than salinity (PSU) was measured because, 
although sodium and chloride are the dominant elements in seawater and saline groundwater, salts normally 
precipitate out as calcium sulphate and sodium chloride, both contributing to the ion concentration of the 
sediment. Sediment electrical conductivity increases proportionally with the salt concentration (Egan and Ungar, 
1999; Bornman, 2002). Although only sediment electrical conductivity was recorded, salinity and electrical 
conductivity are used interchangeably where exact values are not of importance, e.g. general discussions. 
 
Sediment electrical conductivity of a saturated paste was determined according to the method by Barnard (1990). 
An air-dried sediment sample (250 g) was placed in a beaker and de-ionised water was added until saturated. 
The sediment was tested for the properties of a saturated paste, i.e. no excess water on the surface of the 
sediment, and if too dry, more de-ionised water was added. The amount of de-ionised water used to attain 
saturation for each sample was recorded. The saturated paste was allowed to stand for at least one hour. It was 
then filtered through a Bachman filter using Whatman No. 40 filter paper. The electrical conductivity of the 
filtrate was measured using an YSI 30M/10FT hand held conductivity metre. 
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4.2.3.4 Sediment Particle Size 
The hydrometer method, as set out by Gee and Bauder (1986) was used to determine the particle size of the 
sediment. Approximately 40 g of air dried sediment were weighed out in a beaker and allowed to equilibrate 
with the atmosphere overnight. To this sample was added 100 ml of a 50 g.l
-1
 solution of Sodium 
hexametaphosphate (NaPO3)6 and 250 ml distilled water. The beakers were placed on a mechanical shaker for 1 
hour prior to the start of the experiment. The sediment mixture was then placed in a   1 l measuring cylinder and 
the volume made up to 1 l with distilled water. The cylinder was closed at the mouth and shaken by hand for at 
least 1 minute. Two drops of amyl alcohol were added to remove the foam on top of the sample. A hydrometer 
was inserted after 30 seconds, 60 seconds, 3 minutes, 1.5 hours and 24 hours. A blank containing a similar 
solution and no sediment sample was also prepared. The temperature of the solutions was taken using a mercury 
thermometer. The readings were then used in the following equations to calculate the percentage size fractions in 
the sample. 
 
Determine C, the concentration of sediment in suspension in g l
-1
, using: 
 
C = R – RL 
 
Where R is the uncorrected hydrometer reading (in g.l
-1
) and RL is the hydrometer reading of the blank solution.  
 
The determination of P, the summation percentage for the given time interval, using: 
 
P = 





Co
C
*100 
 
Where Co is the oven dried weight of the sample. 
 
Determine X, the mean particle diameter in suspension in µm at time t using: 
 
X = θt -1/2 
 
Where θ is the sedimentation parameter (µm min ½) and is a function of the hydrometer settling depth, solution 
viscosity and particle and solution density. 
 
θ = 





 2/1)]([
'18
lsg
h


 
 
Where h’ is the hydrometer settling depth (cm), ps = sediment particle density (g cm
3
), pl  = solution density (g 
cm
3
), g = gravitational constant (cm s
2
) and  = fluid viscosity in poise (g cm-1 s-1). 
 
The relationship of the settling depth to the hydrometer dimensions were approximated by: 
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3.16164.0'  Rh  
 
Where R is the uncorrected hydrometer reading. 
 
The summation percentage was calculated as follows: 
 
P2µm = m ln 





24
2
X
 + P24 
 
Where X24 is the mean particle diameter in suspension at 24 hours, P24 is the summation percentage at 24 hours, 
and m was determined using the following equation: 
 
)ln( 245.1
245.1
XX
PP
m


  
 
Where m is the slope of the summation percentage curve between X at 1.5 hours and X at 24 hours. X1.5 is the 
particle diameter in suspension at 1.5 hours, and P1.5 is the summation percentage at 1.5 hours. This procedure 
was repeated for the 30 second and 60 second readings. 
4.2.4 Water Table Analysis 
Bornman et al. (2002, 2004a, 2004b, 2008) showed groundwater as a source of moisture for floodplain and 
supratidal salt marsh vegetation along the west coast of South Africa. Depth to the water table and groundwater 
electrical conductivity data were measured to determine their influence on the distribution of the salt marsh 
plants. Replicate boreholes were hand augered to below the water table. The groundwater was allowed to 
stabilize, after which depth to the water table was determined using a graduated stick. Groundwater electrical 
conductivity was measured using an YSI 30M/10FT hand held conductivity meter. 
4.2.5 Statistical Analysis 
Correlation analysis were run for the Geelhoutboom tributary, the main channel of the Kromme Estuary and the 
Olifants Estuary, using Statistica (Statistical software developed by Statsoft, Inc.), on all variables at all sites 
over both sampling periods. Variables included in the analysis were: season (to determine if any variables 
changed over time); distance inland from the estuary channel; depth below the sediment surface (sediment 
samples were collected along three depths); percentage sediment moisture; sediment electrical conductivity; 
percentage sediment organic content; percentage sand fraction of the sediment; percentage silt fraction of the 
sediment; percentage clay fraction of the sediment; rainfall; depth to groundwater and groundwater electrical 
conductivity. 
 
The seasonal species and environmental data for the Geelhoutboom tributary, the main channel of the Kromme 
Estuary and the Olifants Estuary were analysed using CANOCO for Windows (version 4.52, 2003). Detrended 
Correspondence Analysis (DCA) was used to identify patterns in species distribution and cover over time. 
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Canonical Correspondence Analysis (CCA) was used to obtain an ordination of the vegetation data constrained 
by environmental variables. Only the vegetation cover at 30, 80 and 120 m along the transects in the 
Geelhoutboom tributary, 10, 50 and 90 m along the transects in the Kromme Estuary and 100, 200 and 300 m in 
the Olifants Estuary were used in the CCA to determine the influence of environmental variables on the 
vegetation distribution, because these were the only sites where sediment variables were examined. Monte Carlo 
permutation tests (999 permutations) were performed to assess the significance of the canonical axis showing the 
relationship between species and the selected environmental variables. The result of the CCA was plotted as a 
two-dimensional graph using CANODRAW for Windows (version 4.12, 2003). The environmental variables 
were plotted as arrows originating from the center of the graph. The origin represents the mean value of each 
separate variable and the direction of the arrow line represents an increase in the value of that particular variable. 
The length of the environmental arrow indicates the importance of the variable and is equal to the multiple 
correlation of the variable with the displayed ordination axes. Statistical results were displayed in a table below 
each CCA ordination diagram (ter Braak and Šmilauer, 2002).  
4.3 Results 
4.3.1 Rainfall 
The mean monthly rainfall for the year 2004, as well as over a 45 year period for the St Francis Bay area is given 
in Figure 4-1. The Kromme Estuary receives its highest rainfall in winter. During 2004 there was a 35 mm 
increase in rainfall from summer (February) to winter (July). According to the data collected by the South 
African Weather Services, the study area received below average (38.5 ± 6.4 mm SE) rainfall during 2004 (mean 
annual rainfall from 1960-2003 was 54.3 ± 5.1 mm SE).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4-1: Mean monthly rainfall for the St Francis Bay Area (1969-2004).  
The mean monthly rainfall for the year 2004, as well as over a 50 year period for the Vredendal/Doringbay area 
is given in Figure 4-2. The Olifants Estuary receives its highest rainfall in winter. During 2004 there was a 9 mm 
increase in rainfall from summer to winter. According to the data collected by the South African Weather 
Winter 
Sampling 
Summer 
Sampling 
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Services, the study area received below average (11.71 ± 3.0 mm SE) rainfall during 2004 (mean annual rainfall 
from 1951-2003 was 16.03 ± 3.3 mm SE), however it was not statistically different from the mean. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4-2: Mean monthly rainfall for the Vredendal/Doringbay area (1951-2004).  
4.3.2 Vegetation Mapping 
Analysis of aerial photographs showed that various anthropogenic factors, i.e. reduced flows, construction of the 
bridge, reduction in sand input from the Sand River tributary, etc.,  in the Kromme Estuary have resulted in an 
increase in Zostera capensis (20.21 ha) through the colonisation of stable sand banks (Figure 4-3, Figure 4-4 and 
Table 4-1). There was an overall decrease in reeds and sedges (0.968 ha) and salt marsh (17 ha). The loss of salt 
marsh was due to development on the floodplain i.e along the edge of the estuary in the middle reaches.  
 
Analysis of past and present aerial photographs of the Olifants Estuary indicated very little change in the 
vegetation cover and structure of the floodplain over the last 60 years (Figure 4-5, Figure 4-6 and Table 4-1).  
Major changes were recorded in the mouth of the estuary as a result of the insilting of the blind arm and the 
erosion and deposition in the main channel adjacent to the Island. 
 
 
 
 
Winter 
Sampling 
Summer 
Sampling 
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 Figure 4-3: Vegetation distribution in the Kromme Estuary in 1942. 
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 Figure 4-4: The vegetation distribution in the Kromme Estuary and the Geelhoutboom Tributary in 2004 (GH = 
Geelhoutboom, K = Kromme and T = Transect). 
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 Figure 4-5: Vegetation distribution in the Olifants Estuary in 1942. 
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 Figure 4-6: Vegetation distribution in the Olifants Estuary in 2004. 
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 Table 4-1: Differences in macrophyte habitat cover between 1942 and 2004. 
Community 
Types 
Kromme Estuary Olifants Estuary 
 1942 (ha) 2004 (ha) % Increase/ 
decrease 
1942 (ha) 2004 (ha) % Increase/ 
decrease 
 
Reeds and 
sedges 
 
13.920 
 
12.952 
 
7% decrease 
 
43.05 
 
60.05 
 
28% increase 
 
Salt marsh 
 
98.245 
 
81.237 
 
17% decrease 
 
1088.83 
 
1032.04 
 
5% decrease 
 
Zostera 
capensis 
 
10.774 
 
30.984 
 
65% increase 
 
39.53 
 
47.72 
 
17% increase 
 
Sandbanks 
 
145.667 
 
89.644 
 
35% decrease 
 
68.80 
 
77.00 
 
11% increase 
4.3.3 Transect Data 
4.3.3.1 Kromme Estuary 
Transects 1 and 2 in the Geelhoutboom tributary were both 140 m long and extended from the submerged 
Zostera beds to the end of the supratidal salt marsh and terrestrial fringe (Plate 4.1). These transects were 
situated parallel to each other and had a similar species composition and cover, possibly due to similar elevation 
profiles (Figure 4-7, 4-8, 4-9 and 4-10). During summer (Figure 4-7 and Figure 4-9) the first 20 m of the 
transects consisted of the submerged macrophyte, Zostera capensis. Sarcocornia decumbens was dominant 
throughout most of the intertidal salt marsh area along the transects except between 20 - 40 m and 100 - 130 m 
where the co-dominant species, Triglochin striata Ruiz y Pavon, Triglochin bulbosa and Bassia diffusa had the 
highest cover respectively. A thin band (15 m) of supratidal salt marsh occurred along the top of the transects 
with Sarcocornia pillansii as the dominant species. Along both transects mixing of the supratidal and intertidal 
areas (i.e. one occurring within the other) was present, this was probably due to the gently sloping gradient of the 
area sampled. 
 
During winter (Figure 4.8 and Figure 4.10) only slight differences in vegetation cover were observed. Between 
40-70 m there was die-back of Sarcocornia decumbens. These patches of Sarcocornia probably died back due to 
extended water inundation. The salt marsh areas are inundated during high spring tide or times of high rainfall 
and flooding, when the water  recedes standing depression within the topography fill with water (Plate 4-2). 
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There was also a decrease in Triglochin species, however it was not as pronounced as the patches of 
Sarcocornia.  
 
 
 
 
 
 
 
 
 
 
 
 
 Plate 4-1: Zonation at the sampling sites in the main channel of the Geelhoutboom 
tributary. (A) The lower part of the sampling site. (B) The upper part of the sampling site. 
 
 Plate 4-2: An example of a depression filled with water during high spring tide in the 
Geelhoutboom tributary. 
(A) (B) 
 
Intertidal 
Salt Marsh 
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 Figure 4-7: Kite diagram showing the distribution of vegetation along Transect 1 in the 
Geelhoutboom tributary during summer (full species names are available in Appendix 
1). 
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 Figure 4-8: Kite diagram showing the distribution of vegetation along Transect 1 in the 
Geelhoutboom tributary during winter (full species names are available in Appendix 1). 
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 Figure 4-9: Kite diagram showing the distribution of vegetation along Transect 2 in the 
Geelhoutboom tributary during summer (full species names are available in Appendix 
1). 
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 Figure 4-10: Kite diagram showing the distribution of vegetation along Transect 2 in the 
Geelhoutboom tributary during winter (full names are available in Appendix 1). 
Transects 1 and 2 in the Kromme Estuary were 95 m and 110 m in length respectively. These transects extended 
from the submerged Zostera beds to the edge of the supratidal salt marsh (Plate 4-3). The transects were sited as 
replicate transects and were therefore situated parallel to each other and were similar in species composition and 
cover. During summer (Figure 4-11 and Figure 4-13) the first 15 m of the transects consisted of the submerged 
macrophyte, Zostera capensis. Sarcocornia decumbens was dominant throughout the intertidal salt marsh. 
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Triglochin species also occurred throughout the intertidal area, but at a lower percentage cover than Sarcocornia 
decumbens. Spartina maritima occurred in monospecific stands (Plate 4-4) between 30 - 40 m. This species was 
absent from the transects sampled in the Geelhoutboom tributary. A thin band (5 m) of supratidal salt marsh 
occurred along the top of the transects with Sarcocornia pillansii as the dominant species. Along both transects 
the supratidal and intertidal areas were clearly defined and no overlapping of intertidal and supratidal species 
occurred. 
 
During winter (Figure 4-12 and Figure 4-14) only slight differences in vegetation cover were observed. The 
annual Salicornia meyeriana Moss, died back and only small patches were observed during winter. There was 
also a decrease in cover of Triglochin spp and Zostera capensis. 
 
 
 
 
 
 
 
 
 
 
 Plate 4-3: Zonation at the sampling sites in the main channel of the Kromme Estuary. 
 
 Plate 4-4: Monospecific stands of Spartina maritima in the lower reaches of the Kromme 
Estuary. 
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 Figure 4-11: Kite diagram showing the distribution of vegetation along Transect 1 in the 
Kromme Estuary during summer (full species names are available in Appendix 1). 
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 Figure 4-12: Kite diagram showing the distribution of vegetation along Transect 1 in the 
Kromme Estuary during winter (full species names are available in Appendix 1). 
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 Figure 4-13: Kite diagram showing the distribution of vegetation along Transect 2 in the 
Kromme Estuary during summer (full species names are available in Appendix 1). 
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 Figure 4-14: Kite diagram showing the distribution of vegetation along Transect 2 in the 
Kromme Estuary during winter (full species names are available in Appendix 1). 
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4.3.3.2 Olifants Estuary 
Transects 1 and 2 in the lower reaches of the Olifants Estuary were both 340 m long and extended from the 
intertidal area of the blind arm to the floodplain (Plate 4-5). They were situated parallel to each other, 
approximately 400 m apart. During summer (Figure 4-15 and Figure 4-17) Triglochin bulbosa and Sarcocornia 
perennis made up the intertidal component of the vegetation in both transects. Transect 1 consisted mainly of 
monospecific stands of Sarcocornia pillansii with a high percentage of bare ground (Plate 4-6). Sarcocornia 
pillansii occured above the mean high water spring level, where the sediment was salinised. Limonium scabrum 
occurred in small pockets. Lycium tetrandrum Thunb. was restricted to the elevated area at the end of the 
transect. Sarcocornia pillansii was dominant in Transect 2, except between 20 m and 100 m, where the co-
dominant, Salsola zeyheri (Moq.) Bunge, had the highest cover. Overall, Salsola zeyheri had a much lower cover 
than Sarcocornia pillansii and appeared in monospecific stands. 
 
During winter (Figure 4-16 and Figure 4-18) only slight differences in vegetation cover from summer were 
observed. There was a decrease along both transects in cover of the lower intertidal salt marsh species, 
Triglochin bulbosa and Sarcocornia perennis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Plate 4-5: Zonation at Transect 1 and Transect 2 in the Olifants Estuary. 
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 Plate 4-6: Monospecific stands of Sarcocornia pillansii interspersed with a high 
percentage of bare ground. 
 
 Figure 4-15: Kite diagram showing the distribution of vegetation along Transect 1 in the 
Olifants Estuary during summer (full species names are available in Appendix 1). 
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 Figure 4-16: Kite diagram showing the distribution of vegetation along Transect 1 in the 
Olifants Estuary during winter (full species names are available in Appendix 1). 
 
 Figure 4-17: Kite diagram showing the distribution of vegetation along Transect 2 in the 
Olifants Estuary during summer (full species names are available in Appendix 1). 
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 Figure 4-18: Kite diagram showing the distribution of vegetation along Transect 2 in the 
Olifants Estuary during winter (full species names are available in Appendix 1). 
Transects 3 and 4 in the Olifants Estuary were both 360 m long and extended from the intertidal area through to 
the bottom of a 15 m high contour gravel terrace (Plate 4-7). They were situated parallel to each other (replicate 
transects), approximately 200 m apart. During summer (Figure 4-19 and Figure 4-21) the first 5 m of the 
transects consisted of the submerged macrophyte, Zostera capensis. Sarcocornia perennis was dominant 
throughout the intertidal salt marsh. Triglochin bulbosa and Limonium scabrum were only present in Transect 4. 
Limonium scabrum occurred on the edges adjacent to the supratidal area. In both Transects 3 and 4 Sarcocornia 
pillansii (Plate 4-8) was the dominant species in the supratidal area and on the floodplain. High percentage cover 
was recorded for Sarcocornia pillansii in the low lying areas.  Species such as Sporobolus virginicus and Juncus 
kraussii were restricted to a small area adjacent to the cliffs. The annual succulent, Mesembryanthemum 
nodiflorum L., was also present in small numbers in Transect 4, usually in small depressions where water 
collected after rain. 
 
During winter (Figure 4-20 and Figure 4-22) only slight differences in vegetation cover were observed. There 
was a decrease in the lower intertidal salt marsh species, Sarcocornia perennis, in both transects. Sarcocornia 
pillansii decreased whereas Salsola zeyheri increased. The annual, Mesembryanthemum nodiflorum died back 
and only small patches were observed during winter. 
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 Plate 4-7: Vegetation cover along the floodplain of Transect 3 and Transect 4. 
 
 Plate 4-8: The herbaceous shrub, Sarcocornia pillansii A.J. Scott. 
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 Figure 4-19: Kite diagram showing the distribution of vegetation along Transect 3 in the 
Olifants Estuary during summer (full species names are available in Appendix 1). 
 
 Figure 4-20: Kite diagram showing the distribution of vegetation along Transect 3 in the 
Olifants Estuary during winter (full species names are available in Appendix 1). 
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 Figure 4-21: Kite diagram showing the distribution of vegetation along Transect 4 in the 
Olifants Estuary during summer (full species names are available in Appendix 1). 
 
 Figure 4-22: Kite diagram showing the distribution of vegetation along Transect 4 in the 
Olifants Estuary during winter (full species names are available in Appendix 1). 
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4.3.4 Vegetation Distribution 
Vegetation distribution in the Kromme Estuary, the Geelhoutboom tributary and the Olifants Estuary were 
analysed using Detrended Correlation Analysis (DCA). Vegetation in the Kromme Estuary was separated into 
three distinct zones: submerged macrophytes, intertidal salt marsh and supratidal salt marsh (Figure 4-23). The 
Geelhoutboom tributary was separated into two distinct zones: submerged macrophytes and salt marsh 
vegetation (Figure 4-24).  This indicates that there was distinct zonation between supratidal and intertidal salt 
marsh in the Kromme Estuary, whereas, in the Geelhoutboom tributary, the change from intertidal to supratidal 
salt marsh was less distinct. The reason for this is that in the Kromme Estuary there was a sudden increase in 
elevation between the intertidal and supratidal salt marsh, whereas in the Geelhoutboom tributary, the increase in 
elevation was gradual. Vegetation in the Olifants Estuary was separated into four distinct zones: 1) submerged 
macrophytes and macroalgae (Zostera capensis and Cladophora isaacii), 2) intertidal salt marsh (Sarcocornia 
perennis, Triglochin bulbosa and Bassia diffusa), 3) supratidal salt marsh (dominant species include Sarcocornia 
pillansii and Salsola zeyheri) and 4) floodplain species and sedges and grasses (Juncus kraussii and Sporobolus 
virginicus) (Figure 4-25). The submerged vegetation, macroalgae and intertidal salt marsh species were closely 
related, since overlap of species in these zones occurred.  
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 Figure 4-23: DCA ordination of species for the Kromme Estuary over the 2 sampling 
periods. Eigenvalues: axis 1 = 0.881; axis 2 = 0.497. 
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 Figure 4-24: DCA ordination of species for the Geelhoutboom tributary over the 2 
sampling periods. Eigenvalues: axis 1 = 0.961; axis 2 = 0.075. 
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 Figure 4-25: DCA ordination of species for the Olifants Estuary over the 2 sampling 
periods. Eigenvalues: axis 1 = 0.479; axis 2 = 0.174. 
4.3.5 The Influence of Environmental Variables on Vegetation Distribution 
The numerical results of the Canonical Correspondence Analysis (CCA) are shown in the tables below the 
ordination diagrams for the Kromme Estuary, Geelhoutboom tributary, and the Olifants Estuary. A Monte Carlo 
permutation test of the trace (sum of eigenvalues of all canonical axis; 999 permutations) showed that vegetation 
distribution in the Kromme Estuary, Geelhoutboom tributary and Olifants Estuary was significantly affected by 
distance from the estuary channel, groundwater electrical conductivity and elevation (p = 0.001). Therefore, the 
controlling environmental factors are similar for all the study sites. The same statistical test indicated that in the 
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Geelhoutboom tributary the depth to groundwater (p < 0.001) and the percentage clay fraction (p < 0.05) were 
also important, whereas in the Kromme Estuary the rainfall (p = 0.001) and the percentage sand fraction (p < 
0.05) were important. In the Olifants Estuary the percentage silt fraction of the sediment (p < 0.05) was an 
important controlling factor of species distribution. 
 
In the Kromme Estuary (Figure 4-26) the first canonical axis (horizontal) described 57 % of the variation of the 
species – environment relation. This axis was negatively correlated with rainfall (-0.29), distance from the 
estuary channel (-0.92), groundwater electrical conductivity (-0.003) and elevation (-0.80) and positively 
correlated with sediment organic content (0.34), sediment moisture content (0.57) and sediment electrical 
conductivity (0.04).  
 
In the Geelhoutboom tributary (Figure 4-27) the first canonical axis described 50 % of the variation of the 
species – environment relation. This axis was negatively correlated with sediment electrical conductivity (-0.43), 
sediment moisture content (-0.22) and groundwater electrical conductivity (-0.06) and positively correlated with 
elevation (0.83), depth to groundwater (0.27), percentage clay fraction (0.23) and distance from the estuary 
channel (0.88).  
 
In the Olifants Estuary (Figure 4-28) the first canonical axis described 60 % of the variation of the species – 
environment relation. This axis was negatively correlated with distance from the estuary channel (-0.34), 
elevation (-0.27), depth to groundwater (-0.51) and percentage sand fraction (-0.25) and positively correlated 
with sediment moisture content (0.30), percentage silt fraction (0.14) and groundwater electrical conductivity 
(0.26). 
 
The ordination diagram for the Geelhoutboom salt marsh (Figure 4-27) showed three distinct groups: a lower 
intertidal salt marsh group close to the estuary channel and associated with high sediment electrical conductivity; 
a supratidal salt marsh group (Sarcocornia pillansii) occurring furthest from the channel and associated with low 
sediment electrical conductivity and an upper intertidal (Bassia diffusa)/supratidal salt marsh group (Sporobolus 
virginicus and Disphyma crassifolium) associated with low groundwater electrical conductivity.  
 
The ordination diagram for the Kromme salt marsh (Figure 4-26) indicated three distinct groups: a lower 
intertidal salt marsh group close to the estuary channel that is associated with a shallow water table and a high 
sediment moisture content (Triglochin spp. and Spartima maritima); a mid intertidal group (Sarcocornia 
decumbens, Limonium linifolium (L.f.) Kuntze, Bassia diffusa and Salicornia meyeriana) associated with high 
soil and groundwater electrical conducitivity and a supratidal group (Sarcocornia pillansii, Sporobolus 
virginicus and Disphyma crassifolium) occurring furthest from the channel and associated with a greater depth to 
the water table. 
 
The ordination diagram for the Olifants Estuary salt marsh (Figure 4-28) showed that Sarcocornia pillansii was 
positively correlated with sediment moisture content and organic content. Salsola zeyheri grew in sediment with 
a high sand and a low clay content. Both Lycium tetrandrum and Limonium scabrum were found to be outliers.  
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 Figure 4-26: CCA of seasonal species and environmental data for the Kromme Estuary 
(Distance = Distance from the estuary channel). 
 Table 4-2: Summary of CCA of seasonal species and environmental data for the 
Kromme Estuary (p = 0.001). 
 Axis 1 Axis 2 Axis 3 Axis 4 Total Inertia 
Eigenvalues 0.898 0.439 0.135 0.076 1.838 
Species-environment correlation 0.984 0.985 0.942 0.721  
Cumulative percentage variance      
of species data 48.8 72.7 80.0 84.1  
of species-environment relation 56.9 84.6 93.2 98.0  
Sum of all unconstrained eigenvalues     1.838 
Sum of all canonical values     1.578 
 
-1.0 1.0
-1
.0
1
.0
Disphyma crassifolium
Sarcocornia pillansii
Sporobolus virginicus
Sarcocornia decumbens
Triglochin bulbosa
Triglochin striata
Bassia diffusa
Limonium linifolium
Spartina maritima
Salicornia meyeriana
Sediment Moisture Content
Sediment Organic Content
Sediment Electrical Conductivity
% Clay% Sand
% Silt
Groundwater Electrical Conductivity
Depth to Groundwater
Rainfall
Distance
Elevation
 72 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4-27: CCA of seasonal species and environmental data for the Geelhoutboom 
tributary (Distance = Distance from the estuary channel). 
 Table 4-3: Summary of CCA of seasonal species and environmental data for the 
Geelhoutboom tributary (p = 0.001). 
 Axis 1 Axis 2 Axis 3 Axis 4 Total Inertia 
Eigenvalues 0.776 0.438 0.315 0.035 1.919 
Species-environment correlation 0.941 0.918 0.835 0.754  
Cumulative percentage variance      
of species data 40.4 63.3 79.7 81.5  
of species-environment relation 49.5 77.5 97.6 99.9  
Sum of all unconstrained eigenvalues     1.919 
Sum of all canonical values     1.566 
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 Figure 4-28: CCA of seasonal species and environmental data for the Olifants Estuary. 
 Table 4-4: Summary of CCA of seasonal species and environmental data for the Olifants 
Estuary (p = 0.001). 
 Axis 1 Axis 2 Axis 3 Axis 4 Total Inertia 
Eigenvalues 0.159 0.069 0.028 0.007 0.565 
Species-environment correlation 0.728 0.677 0.785 0.425  
Cumulative percentage variance      
of species data 28.2 40.4 45.3 46.5  
of species-environment relation 60.2 86.1 96.5 99.3  
Sum of all unconstrained eigenvalues     0.565 
Sum of all canonical values     0.265 
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From the above ordination plots it is clear that the Kromme Estuary was characterized by extensive intertidal salt 
marsh areas and the Olifants Estuary by extensive supratidal salt marsh areas. Therefore a combined ordination 
plot (Figure 4-29) was created for the Kromme Estuary, Geelhoutboom tributary and the Olifants Estuary to 
compare the effect of environmental variables on supratidal and intertidal salt marsh species. A Monte Carlo 
permutation test of the trace (sum of eigenvalues of all canonical axis; 999 permutations) showed that vegetation 
distribution in the Kromme Estuary, Geelhoutboom tributary and Olifants Estuary was significantly affected by 
distance from the estuary channel (p = 0.001), sediment moisture content (p = 0.001), depth to groundwater (p = 
0,001), elevation, (p = 0.001), rainfall (p < 0.01), groundwater electrical conductivity (p = 0.001) and the 
percentage silt fraction in the sediment (p = < 0.05).  
 
The first canonical axis (horizontal) described 60 % of the variation of the species – environment relation. This 
axis was negatively correlated with depth to the groundwater (-0.69), elevation (-0.66) and distance from the 
estuary channel (-0.73) and positively correlated with rainfall (0.55), sediment moisture content (0.63), 
groundwater electrical conductivity (0.11) and percentage silt fraction (0.46).  
 
The ordination diagram for the combined Kromme and Olifants estuaries (Figure 4-29) indicated four distinct 
groups: a lower intertidal salt marsh group (Triglochin bulbosa, Triglochin striata, Limonium linifolium, 
Salicornia meyeriana and Spartina maritima) close to the estuary channel and associated with high sediment 
moisture content; a mid- to upper intertidal group (Bassia diffusa and Sarcocornia decumbens) associated with 
high silt and organic content; a supratidal salt marsh group (Disphyma crassifolium, Sarcocornia pillansii, 
Limonium scabrum and Sporobolus virginicus) associated with increased rainfall and a high elevation, and a 
floodplain salt marsh group (Lycium tetrandrum and Salsola zeyheri) occurring furthest from the channel and 
associated with low groundwater electrical conductivity and a deep water table.  
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 Figure 4-29: CCA of seasonal species and environmental data for the Kromme Estuary, 
Geelhoutboom tributary and Olifants Estuary (Distance = Distance from the estuary 
channel). 
 Table 4-5: Summary of CCA of seasonal species and environmental data for the 
Kromme Estuary, the Geelhoutboom tributary and the Olifants Estuary (p = 0.001). 
 Axis 1 Axis 2 Axis 3 Axis 4 Total Inertia 
Eigenvalues 0.626 0.219 0.070 0.060 2.930 
Species-environment correlation 0.893 0.699 0.598 0.571  
Cumulative percentage variance      
of species data 21.4 28.8 31.2 33.2  
of species-environment relation 59.2 79.8 86.4 92.1  
Sum of all unconstrained eigenvalues     2.930 
Sum of all canonical values     1.058 
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In relation to the proposed hypotheses the ordination results have shown that distance from the estuary channel 
and elevation were most important in separating the lower intertidal salt marsh from the upper, supratidal and 
floodplain salt marsh. Both the upper- and lower intertidal salt marsh were characterized by high sediment 
moisture content and high groundwater electrical conductivity (Figure 4-29). These characteristics are 
determined by the tidal water that inundates the marsh (Table 46). Water column electrical conductivity (42 - 57 
mS cm
-1
) was generally lower than that of the sediment (31.7 - 114.83 mS cm
-1
) and the groundwater (47.73 - 
108.1 mS cm
-1
). Thus both rainfall and the salinity of the estuary water were found to influence electrical 
conductivity. 
 Table 4-6: Correlations among water column electrical conductivity (WC), surface 
sediment electrical conductivity in the lower intertidal zone (SLI), surface sediment 
electrical conductivity in the upper intertidal zone (SUI), surface sediment electrical 
conductivity in the supratidal zone (SS), groundwater electrical conductivity in the lower 
intertidal zone (GWLI), groundwater electrical conductivity in the upper intertidal zone 
(GWUI), groundwater electrical conductivity in the supratidal zone (GWS) and rainfall 
(R). Significant correlations, Spearman r, are those for p < 0.05; n = 64). Values include 
both the Kromme and the Olifants estuaries. Values denoted in blue refer to positive 
correlations, whereas values denoted in red refer to negative correlations. 
 WC SLI SUI SS GWLI GWUI GWS R 
WC -        
SLI N/S -       
SUI N/S 0.88 -      
SS N/S N/S 0.83 -     
GWLI 0.73 0.83 0.71 0.79 -    
GWUI 0.78 N/S 0.74 0.83 0.86 -   
GWS N/S N/S N/S N/S N/S N/S -  
R -0.89 -0.87 -0.87 -0.87 -0.87 -0.87 N/S - 
 
4.3.6 Correlation Analysis 
The correlation analysis made it possible to analyse the system as a whole and not as individual transects or 
single sampling periods that are difficult to compare. Only a few of the correlations were significant (p < 0.05) 
and these correlations were not very strong. 
 
In the Geelhoutboom tributary (Table 4.7), there was a decrease in percentage sediment organic content and the 
percentage sand fraction and an increase in the percentage clay fraction with an increase in depth below the 
sediment surface. With an increase in distance inland from the estuary channel, the percentage clay fraction in 
the sediment and the depth to groundwater increased, whereas sediment electrical conductivity decreased. These 
sites occurred furthest from the estuary channel and were associated with supratidal salt marsh species. Rainfall 
and season were the variables that showed the strongest correlations with other variables. Sediment electrical 
conductivity, groundwater electrical conductivity and depth to groundwater all decreased with an increase in 
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rainfall and a change of season (winter). Groundwater electrical conductivity was positively correlated with 
depth to groundwater, indicating an increase in groundwater electrical conductivity with an increase in depth to 
groundwater. Groundwater electrical conductivity also increased with an increase in sediment electrical 
conductivity.  
 
In the Kromme Estuary (Table 4-8), there was a decrease in percentage sediment organic content and the 
percentage sand and clay fraction in the sediment, and an increase in the percentage silt fraction with an increase 
in depth below the sediment surface. With an increase in distance inland from the estuary channel, the depth to 
groundwater increased, whereas sediment moisture content decreased. Groundwater electrical conductivity 
increased with an increase in sediment electrical conductivity. Groundwater electrical conductivity and depth to 
groundwater both decreased with an increase in rainfall and a change of season (winter). There was an increase 
in groundwater electrical conductivity with an increase in depth to groundwater. Similar results were found for 
the Geelhoutboom transects, indicating a saline water table. Rain was an important influencing factor decreasing 
groundwater and sediment electrical conductivity and depth to groundwater in the Geelhoutboom salt marsh. A 
similar response was observed in the Kromme salt marsh. However, while groundwater electrical conductivity 
and depth to groundwater were influenced by rain, there was no correlation with rain and sediment electrical 
conductivity (Table 4-8). However, there was a decrease in sediment electrical conductivity in the surface 
sediment layers.  
 
Correlation analysis showed that sediment moisture was more of an influencing factor in the Kromme salt marsh 
(Table 4.8). Clay and sediment high in organic matter was found to have a higher moisture content. Sediment 
moisture and the depth to groundwater decreased with an increase in distance away from the estuary channel, 
indicating the important role of the tides in influencing the salt marsh. In the Kromme Estuary summer rainfall 
was 20 mm compared to 70 mm in winter. The greater differences in seasonal rainfall may account for the 
observed changes in sediment and groundwater salinity. 
 
The correlations for the Olifants Estuary (Table 4.9) were weaker than for the Kromme Estuary. The percentage 
of silt and sand fractions were inversely related and the silt content of the sediment increased with an increase in 
depth. Sediment moisture increased with an increase in rainfall but this did not significantly change sediment or 
groundwater electrical conductivity, or the depth to the water table. In the Olifants Estuary summer rainfall was 
10 mm compared to 15 mm in winter.  
 
There was a decrease in groundwater electrical conductivity with an increase in depth to groundwater, and a 
decrease in sediment electrical conductivity with an increase in depth below the surface indicating a less saline 
water table. Average surface sediment electrical conductivity for the Olifants Estuary was 62.9  4.4 mS cm-1; n 
= 24, whereas the Kromme and Geelhoutboom averaged 49.7  4.5 mS.cm-1; n = 24. Surface sediment electrical 
conductivity decreased away from the water column in the Kromme and Geelhoutboom but remained fairly 
constant along the Olifants transects. There was no significant difference (p > 0.05) in groundwater electrical 
conductivity between the Kromme, Geelhoutboom (68.6  2.3 mS.cm-1) and Olifants estuaries (72.0  7.3 
mS.cm
-1
), although there was considerable variation between tansects in the Olifants Estuary (18.7 – 117.7 
mS.cm
-1
). However, the depth to groundwater was much greater in the Olifants Estuary (1.2  0.06 m) compared 
to the Kromme and Geelhoutboom (0.45  0.03 m) reflecting the difference in salt marsh between the two 
estuaries i.e. supratidal / floodplain versus intertidal. Average depth to groundwater was very similar between 
transects in Kromme and Geelhoutboom transects (0.43 – 0.48 m) compared to 0.82- 1.96 m in the Olifants 
Estuary.  
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 Table 4-7: Correlations among physico-chemical variables for the Geelhoutboom Tributary over both sampling periods. 
(Percentage sediment moisture content (% Moist), percentage sediment organic content (% OC), sediment electrical 
conductivity (EC), percentage clay fraction of the sediment (% Clay), percentage sand fraction of the sediment (% Sand), 
percentage silt fraction of the sediment (% Silt), groundwater electrical conductivity (GWEC), depth to groundwater (GW 
Depth), rainfall (Rain), season (Season), distance from estuary channel (Distance) and depth below sediment surface 
(Depth). Significant correlations, Spearman r, are those for p < 0.05; n = 377). Values denoted in blue refer to positive 
correlations, whereas values denoted in red refer to negative correlations.  
 % Moist % OC EC % Clay % Sand % Silt GWEC GW Depth Rain Season Distance Depth Elevation 
% Moist -             
% OC N/S -            
EC N/S N/S -           
% Clay N/S N/S -0.38 -          
% Sand N/S N/S N/S N/S -         
% Silt N/S N/S N/S -0.4 -0.8 -        
GWEC N/S N/S 0.67 N/S N/S N/S -       
GW Depth N/S N/S N/S N/S N/S N/S 0.51 -      
Rain N/S N/S -0.85 N/S N/S N/S -0.86 -0.44 -     
Season N/S N/S -0.85 N/S N/S N/S -0.86 -0.44 N/S -    
Distance N/S N/S -0.46 0.40 N/S N/S N/S 0.51 N/S N/S -   
Depth N/S -0.80 N/S 0.45 -0.39 N/S N/S N/S N/S N/S N/S -  
Elevation N/S N/S -0.48 0.42 -0.50 N/S N/S 0.39 N/S N/S 0.75 N/S - 
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 Table 4-8: Correlations among physico-chemical variables for the Kromme Estuary over both sampling periods. 
(Percentage sediment moisture content (% Moist), percentage sediment organic content (% OC), sediment electrical 
conductivity (EC), percentage clay fraction of the sediment (% Clay), percentage sand fraction of the sediment (% Sand), 
percentage silt fraction of the sediment (% Silt), groundwater electrical conductivity (GWEC), depth to groundwater (GW 
Depth), rainfall (Rain), season (Season), distance from estuary channel (Distance) and depth below sediment surface 
(Depth). Significant correlations, Spearman r, are those for p < 0.05; n = 336). Values denoted in blue refer to positive 
correlations, whereas values denoted in red refer to negative correlations.  
 % Moist % OC EC % Clay % Sand % Silt GWEC GW Depth Rain Season Distance Depth Elevation 
% Moist -             
% OC 0.69 -            
EC N/S N/S -           
% Clay 0.55 0.81 N/S -          
% Sand N/S 0.46 N/S 0.77 -         
% Silt N/S -0.48 N/S -0.78 -0.99 -        
GWEC N/S N/S N/S N/S N/S N/S -       
GW Depth -0.54 N/S N/S N/S N/S N/S 0.67 -      
Rain N/S N/S N/S N/S N/S N/S -0.45 -0.40 -     
Season N/S N/S N/S N/S N/S N/S -0.45 -0.40 N/S -    
Distance -0.64 N/S N/S N/S N/S N/S N/S 0.71 N/S N/S -   
Depth N/S -0.81 N/S -0.75 -0.57 0.59 N/S N/S N/S N/S N/S -  
Elevation -0.61 N/S N/S N/S N/S N/S N/S 0.51 N/S N/S 0.94 N/S - 
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 Table 4-9: Correlations among physico-chemical variables for the Olifants Estuary over both sampling periods. 
(Percentage sediment moisture content (% Moist), percentage sediment organic content (% OC), sediment electrical 
conductivity (EC), percentage clay fraction of the sediment (% Clay), percentage sand fraction of the sediment (% Sand), 
percentage silt fraction of the sediment (% Silt), groundwater electrical conductivity (GWEC), depth to groundwater (GW 
Depth), rainfall (Rain), season (Season), distance from estuary channel (Distance) and depth below sediment surface 
(Depth). Significant correlations, Spearman r, are those for p < 0.05; n = 864). Values denoted in blue refer to positive 
correlations, whereas values denoted in red refer to negative correlations.  
 % Moist % OC EC % Clay % Sand % Silt GWEC GW Depth Rain Season Distance Depth Elevation 
% Moist -             
% OC N/S -            
EC N/S 0.36 -           
% Clay N/S 0.33 N/S -          
% Sand N/S N/S N/S N/S -         
% Silt N/S -0.26 N/S -0.41 -0.72 -        
GWEC 0.31 0.28 0.41 N/S N/S -0.25 -       
GW Depth -0.43 -0.37 N/S -0.30 0.37 N/S -0.44 -      
Rain 0.40 N/S N/S N/S N/S N/S N/S N/S -     
Season 0.40 N/S N/S N/S N/S -0.23 N/S N/S N/S -    
Distance N/S N/S N/S N/S N/S 0.26 N/S N/S N/S N/S -   
Depth 0.42 -0.56 -0.35 N/S N/S 0.59 N/S N/S N/S N/S N/S -  
Elevation -0.28 -0.25 -0.29 N/S 0.39 N/S -0.62 0.68 N/S N/S N/S N/S - 
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4.4 Discussion 
4.4.1 Vegetation and Habitat Mapping 
Colloty (2000) described nine possible plant community types for South African estuaries. Seven of the nine 
occur in both the Kromme and Olifants estuaries with only the subtropical swamp forest and mangrove 
communities absent. The large intertidal salt marsh areas within both estuaries are important as only 18 % of 
South African estuaries are permanently open and these salt marshes are considered to be rare (Colloty, 2000).  
 
The vegetation of the Kromme Estuary was distributed in three distinct zones i.e. macroalgae and submerged 
vegetation, intertidal salt marsh and supratidal salt marsh. The marine macroalga, Gracilaria gracilis 
(Stackhouse) Steentoft, L. Irvine & Farnham, was found in the estuary, particularly in quiet sheltered areas. The 
lack of flushing and stable high salinity conditions has increased the colonization by this alga as well as Codium 
tenue (Kutz.) Kutz. (Adams and Talbot, 1992). Most of the algae are free floating except for the green algae 
Caulerpa filiformis (Suhr) Hering, which grows rooted in the sandy bottom of the estuary in the lower-middle 
reaches. In 1989 it covered an area of 2.3 ha. The change in area over time for macroalgae has not been reported, 
as it is difficult to distinguish this community type on aerial photographs. In many cases the macroalgae and 
Zostera capensis habitats overlap. 
 
Adams and Talbot (1992) found large mats of Ectocarpus spp. and clumps of Gracilaria gracilis, Enteromorpha 
sp., Codium tenue and Hypnea viridis Papenfuss. in the middle-upper reaches of the estuary. In some cases there 
was a 50:50 ratio of macroalgal species to Zostera capensis. Field observations in 2004 indicated a similar 
situation. At some sites the macroalgae appear to be outcompeting the Zostera capensis. Filamentous green algae 
such as Ulva spp. form dense mats of entangled filaments over the Zostera beds, smothering them and 
decreasing available light (Plate 4.9). Gracilaria gracilis was abundant and had an average biomass of 11.8 ± 6.3 
g m
-2 
in the
 
middle reaches of the estuary at the new communal jetty site (Adams and Talbot, 1992).  
 
 
 Plate 4-9: Zostera capensis interspersed with Codium tenue and filamentous green 
algae. Many sea hares (Bursatella leachi africana) were found grazing on these plants in 
August 2004. 
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Submerged vegetation refers to plants growing entirely under water or exposed at low tide. Zostera capensis was 
the dominant species in the submerged zone. This species occupies the mudflats of the intertidal and shallow 
subtidal zone in permanently open South African estuaries (Adams, 1991).  
 
There has been a steady increase in the area covered by Zostera capensis since 1942 (10.8 ha), 1980 (13.7 ha), 
1989 (21.7 ha) and to 30.98 ha mapped during this study from aerial photographs from 2000. During the period 
1980 – 1989 there was a four-fold increase in biomass of Zostera capensis (Adams and Talbot, 1992). This was 
related to reduced freshwater inflow, lack of scouring and sedimentary disturbance, stable salinity and reduced 
turbidity (Adams and Talbot, 1992). The attenuation of floods reduced the dynamic nature of the estuary and the 
resultant increase in stability has favoured colonization by Zostera capensis. Prior to the construction of the 
Mpofu Dam, Hanekom and Baird (1988) found that fluctuations in biomass were related to flood events. 
 
The total area covered by reeds and sedges decreased by 0.07 % over the last 62 years. This is due to the loss of 
a large area (7.2 ha) of Phragmites australis near the village of St. Francis Bay for development. Ignoring the 
loss of this inland reed bed, there was actually an increase of over 6 ha in the estuary itself. This increase in 
cover of the reedbeds resulted from an increase in sedimentation due to decreased freshwater input (Adams and 
Talbot, 1992). Reed beds occur upstream of the road bridge on the south bank, and in small streams and 
tributaries feeding the estuary in the middle-upper reaches. Reeds can survive tidal inundation with saline water 
as long as their roots and rhizomes are located in brackish to fresh water (Adams and Bate, 1999). The upper 
reaches of the Kromme Estuary are rocky and extensive reed beds do not occur there naturally. However, reeds 
were probably more extensive in the Geelhoutboom tributary prior to the construction of farm dams when the 
water column salinity was lower (< 15 PSU). The historical vegetation distribution of the Geelhoutboom 
tributary could not be determined because no aerial photos were available. 
 
Salt marsh covers 81.237 ha in the Kromme Estuary. The largest section of salt marsh occurs on the seaward 
side of the road bridge on the eastern bank approximately 2 km from the mouth (Figure 4-4). Small isolated salt 
marshes also occur further upstream on the west bank (4 km from the mouth) and on the east bank about 2 km 
from the head of the estuary (Figure 4-4). Salt marshes extend into the middle-upper reaches of the 
Geelhoutboom tributary (Figure 4-4). Sarcocornia decumbens was the dominant species in the intertidal zone. 
This species generally occupies the mid and upper levels of estuarine salt marshes (O‟ Callaghan, 1992). 
Sarcocornia pillansii was the dominant species in the supratidal zone. This species is dominant in most of the 
supratidal areas of warm and cold temperate South African estuaries (Adams et al., 1999).  
 
The area covered by salt marsh decreased by 17 % from 1942 to 2004, despite an overall increase in the lower 
reaches of the estuary. The construction of the road bridge and numerous resort developments in the floodplain 
has resulted in the loss of 17 ha of salt marsh. There was some evidence of salt marsh erosion in the middle 
reaches of the estuary due to boat activity. Despite all these changes, the large intertidal salt marsh areas have 
remained relatively intact, as they are dependent on an open mouth and daily tidal exchange.  
 
The vegetation of the Olifants Estuary was distributed in four distinct zones i.e. macroalgae and submerged 
vegetation, brackish marshes, intertidal salt marsh, and supratidal and floodplain salt marsh. Macroalgae rarely 
form a dominant habitat type in South African estuaries. However, in the Olifants Estuary, particularly during 
the summer survey, macroalgal species were abundant. Oscillatoria sp. (Plate 4-10A) and Spirogyra sp. (Plate 4-
10B) were found in the upper reaches of the estuary. These species are indicative of eutrophication. Various 
agricultural activities occur within the catchment area, and it is therefore feasible that the eutrophication was a 
direct result of nutrient enriched water reaching the estuary through runoff (Taljaard, 2006). 
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 Plate 4-10: Two macroalgal species occurring in the Olifants Estuary (A) 
Oscillatoria sp. (B) Spirogyra sp. 
Azolla filiculoides Lam. (Plate 4-11) is a freshwater perennial, mat-forming, free-floating fern. It is an aquatic 
invasive plant that has been known to form dense mats in South African water bodies, resulting in economic 
losses to water users due to increased siltation, canal clogging, loss of water quality and loss of biodiversity 
(Henderson, 2001; McConnachie et al., 2003). According to „The Conservation of Agricultural Resources Act 
(Act No. 43 of 1983), Azolla filiculoides is a declared weed (Category 1) and is prohibited in South Africa. 
During summer it was confined to stagnant water within reedbeds in the upper reaches of the estuary. However, 
during winter it increased in abundance, probably due to increased freshwater input, but remained confined to 
the upper reaches. 
 
 
 Plate 4-11: Azolla filiculoides in the Olifants Estuary during winter. 
Submerged macrophytes in the Olifants Estuary were distributed along the salinity gradient from the head to the 
mouth. Potamogeton pectinatus (Plate 4-12) is an opportunistic species (Henderson, 2001) that forms dense beds 
in the upper reaches. It grows best in salinity less than 10 PSU (Henderson, 2001). Zostera capensis is 
distributed in the lower and middle reaches of the estuary and grows optimally in salinity between 25 – 40  PSU. 
Approximately 8 ha of “Die Eiland” has eroded on the south bank (Figure 4-6). This has been replaced by 8 ha 
of bare mud and Zostera capensis on the north bank of the main channel, which has increased the area covered 
 
 
(A) (B) 
 84 
by Zostera capensis to 47.72 ha from 39.53 ha. Water clarity made it impossible to map Potamogeton 
pectinatus. Submerged macrophytes are sensitive to increases in water turbidity and therefore the high flow 
winter season could result in seasonal decreases in biomass and distribution, although this was impossible to 
determine due to the low water clarity in the middle and upper reaches. The water clarity is reduced during 
periods of high rainfall and river floods, particularly from the Doring River tributary that drains a region of clay 
soil. 
 
 
 Plate 4-12: Dense beds of Potamogeton pectinatus in the upper reaches of the Olifants 
Estuary. 
Phragmites australis and Schoenoplectus scirpoides (Schrad.) Browning are the common reed and sedge species 
found in the Olifants Estuary and cover an area of 60.05 ha. Aerial photograph analysis showed that there has 
been an increase in the area covered by reeds and sedges in the middle-upper reaches of the estuary. The 1942 
photograph shows 15 ha of bare mudflat that is now colonized by reeds. Increased sediment and nutrient input 
from agricultural activities on the banks combined with reduced freshwater flows could have led to favourable 
conditions for reed expansion. 
 
Reeds and sedges usually occur in the upper reaches of estuaries where salinity is less than 15 PSU. In the 
Olifants Estuary the reeds were found from 8.5 km upstream. During a spring high tide (January 1990) salinity at 
this site was measured at 26 PSU whereas at low tide it was approximately 10 PSU (CSIR, 2005). Winter 
sampling (August 2004) indicated that, despite strong freshwater input, there was vertical stratification and 
bottom water was approximately 25 PSU at 8.5 km from the mouth. The reeds and sedges can tolerate these 
salinity fluctuations (Taljaard, 2006).  
 
The Olifants Estuary has the largest supratidal and floodplain salt marsh in South Africa (143 ha and 797.1 ha 
respectively). The intertidal salt marsh covers an area of 91.94 ha. The supratidal zone refers to the area that is 
situated above the intertidal zone and is normally only flooded during spring tide and other associated high water 
levels, e.g. river floods and storm events at sea. The floodplain is the area adjacent to the supratidal area and is 
elevated above the rest of the estuary. This area is normally covered with water only during large flood events 
(Bornman, 2002).  
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The intertidal salt marsh zone was small (1-10 m) and further divided into different zones. Sarcocornia perennis, 
Triglochin bulbosa and Cotula coronopifolia grew mixed closest to the water, followed by a band of Bassia 
diffusa. Limonium scabrum, normally associated with the outer fringe of the intertidal area, had the highest cover 
abundance in the supratidal zone and was also present in the wetter areas of the floodplain. Sarcocornia pillansii 
was the dominant species in both the supratidal and the floodplain areas sampled. The supratidal areas consisted 
of monospecific stands of Sarcocornia pillansii, whereas on the floodplain, Salsola zeyheri occurred as co-
dominant. Salsola zeyheri had a much lower cover than Sarcocornia pillansii and appeared to only grow in areas 
devoid of other vegetation. 
 
The salt marsh near the mouth has been disturbed by the salt pan for the production of salt. Salt work activities 
removed 56.79 ha of salt marsh. In the middle-upper reaches a large area of supratidal and floodplain salt marsh 
was removed when a dam was constructed. Without recent aerial photographs it was difficult to determine the 
area covered by this dam but it could be between 20 and 50 ha. 
4.4.2 Zonation Patterns 
Salt marsh zonation is determined by the spatial and temporal variation in physico-chemical sediment properties 
(Van Diggelen, 1991, Bornman, 2002). Therefore, to obtain a better understanding of the freshwater 
requirements of salt marsh in the Kromme and Olifants estuaries, changes in vegetation cover and sediment 
conditions were studied. The following environmental variables were found to influence the distribution of salt 
marsh vegetation: distance from the estuary channel, elevation, groundwater electrical conductivity, depth to 
groundwater, rainfall, percentage silt fraction in the sediment and sediment moisture and organic content. 
 
The floodplain macrophytes Lycium tetrandrum  and  Salsola zeyheri,  as well as the supratidal species 
Sporobolus virginicus  and  Disphyma crassifolia,  were influenced by rainfall, whereas the lower intertidal salt 
marsh species were not. De Leeuw et al. (1991) found that weather conditions do not influence the production of 
salt marsh plant communities below mean high water, but their influence becomes significant moving upward 
from mean high water. Based on visual interpretation of long-term sediment salinity data collected along 
intertidal gradients, Beeftink (1977) concluded that sediment salinity becomes increasingly influenced by the 
weather conditions from the mean high water upward. 
 
According to Adams et al. (1992) supratidal macrophytes are usually associated with low moisture content due 
to limited tidal flushing occurring in this area. Thus, rainfall and evaporation are more important in influencing 
the distribution of these species. Flooding in the estuary is important as it lowers the salinity of the water 
column, which influences groundwater salinity. Flooding during spring tide would raise the water level in the 
estuary to cover the supratidal areas with less saline water, and also significantly decrease the depth to the water 
table in the floodplains. If this flooding does not occur the plants would die, which would lead to desertification, 
similar to what occurred at the Orange River Estuary (Bornman et al., 2004b). The conservation value of this 
vegetation lies in the fact that halophytes are the only plants adapted to grow in these harsh environments and the 
loss of this vegetation would lead to the formation of bare, dry salt pans that are more easily eroded by wind and 
water.  
 
Adams (1991) found that sediment salinities of the intertidal macrophyte communities were determined by the 
salinity of the adjacent water body, since these species are inundated daily by tides. Fluctuations in water column 
salinity would therefore raise and lower sediment salinities. Results of this study showed a positive correlation 
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between water column electrical conductivity (as a measure of salinity) and groundwater electrical conductivity, 
which in turn was postivley correlated with sediment electrical conductivity. Water column conductivity 
indirectly influences sediment electrical conducitivy by directly affecting the groundwater conductivity (through 
capillary action). This can be explained by the capillary action. This would influence macrophyte germination 
and growth (Adams, 1991).  
 
Allison (1992) studied the influence of rainfall variability on species composition in the Bolinas Lagoon (USA). 
It was found that during years with average or below average winter and spring rainfall, the cover of Salicornia 
meyeriana increased relative to that of the other species. During the one year with higher than average spring 
rainfall, however, the cover of Salicornia declined and rare species increased in relative abundance. These 
patterns suggest that under typical marsh conditions, the plant assemblage experiences stress due to low 
availability of freshwater and high sediment salinity. Under such conditions, the stress-tolerant Salicornia 
dominates the assemblage. If, however, there is abundant rainfall early in the growing season, the other species 
are released from stress and able to increase in cover. Similar results were found in this study. Salicornia 
meyeriana increased in cover during the dry summer months, when surface sediment electrical conductivity was 
highest, in both the Olifants and the Kromme estuaries. However, the intertidal zone that Salicornia can occupy 
is much smaller in the Olifants Estuary and this species is therefore relatively less abundant than in the Kromme 
Estuary. 
  
The supratidal macrophytes were associated with low sediment and groundwater electrical conductivity, 
increased distance from the estuary channel and an increase in depth to groundwater in the Kromme Estuary, 
whereas the opposite was true for the intertidal species. Ursino et al. (2004) showed that subsurface 
(groundwater) flow depends on the distance from the nearest creek or channel and that the subsurface water 
movement near tidal creeks is both vertical and horizontal, while farther from the creeks, it is primarily vertical. 
Various authors have shown that salinity decreases with increasing elevation and decreased tidal flushing 
(Bertness and Ellison, 1987; Adam, 1981; Adams, 1991). Rand (2000) found that post-dispersal factors were 
primarily responsible for determining species distribution patterns across zones. Lower limits to the distribution 
of species typically found at high-marsh elevations were determined by intolerance to abiotic conditions in the 
lower marsh zones. In contrast, species typically found at low-marsh elevations were precluded from the high 
marsh due to competitive suppression by dominant plants. Patterns of post-dispersal success were strongly 
reinforced by limited dispersal. Adams (1991) found that in the Gamtoos Estuary, supratidal salt marsh 
communities were characterized by low salinities and low sediment water contents, as these communities were 
found in higher less well flooded areas. 
 
Bornman (2002) studied the freshwater requirements of the Olifants Estuary and showed that the survival of the 
floodplain plants was dependent on the utilization of saline groundwater, particularly during the dry period (8 
months) of the year. It was also found that depth to the water table had the greatest influence on vegetation 
distribution in the Olifants Estuary. Elevation and distance from the estuary channel influenced the distribution 
of Sarcocornia pillansii through their influence on the depth to groundwater. The depth to groundwater increases 
with an increase in distance from the estuary channel and a higher elevation. Therefore, depth to the water table 
was a factor of elevation and distance. Bornman (2002) showed that the cover abundance of Sarcocornia 
pillansii was visibly reduced where the water table was deeper than 1.5 m and/or where the electrical 
conductivity of the groundwater was accessible and had a high ion concentration (> 80 mS.cm
-1
). Sanchez et al. 
(1998) and Rogel et al. (2001) found that groundwater salinity had a greater influence on the zonation of 
vegetation than water table depth in the intertidal area. This may be due to the fact that the depth to groundwater 
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table in the intertidal zone is an insignificant variable to consider as moisture availability is not a problem, due to 
daily tidal inundation.  
 
Both the Kromme and the Olifants estuaries have relatively high surface sediment electrical conductivity when 
compared to other estuaries (Table 4.10). Muir (2000) found that electrical conductivity in the Knysna Estuary 
only reached 55 mS cm
-1
 during the study period. The surface electrical conductivity of the Kromme Estuary 
(south-east coast) compared better with west coast estuaries such as the Olifants and Orange River estuaries.  
 
 Table 4-10: A comparison of surface sediment electrical conductivity in both the 
supratidal and intertidal areas between six estuaries (n = 313). 
Estuary Surface Sediment Electrical Conductivity (mS.cm
-1
) 
Orange 10-104 
Olifants 30-100 
Kromme 42-115 
East Kleinemonde 10-40 
Seekoei 10-30 
Great Brak 15-35 
Knysna (Muir, 2000) <55 
 
The low rainfall of the west coast (Olifants Estuary) and the consistent high water column salinity in the 
Kromme Estuary and lack of freshwater flooding resulted in accumulation of salts in the intertidal and supratidal 
regions and higher surface electrical conductivity. Both estuaries were characterized by numerous bare patches 
(Plate 4-13 and Plate 4-14) in the salt marsh. Bertness (1991) found that hypersaline conditions limit the 
colonization of high marsh perennials into bare patches. At salinities greater than 20 PSU, germination of 
macrophytes is restricted (Chapman, 1976; Bertness, 1991) and productivity (Barbour and Davis, 1969; Phleger, 
1971; Price et al., 1988), growth, density and species diversity are reduced (Ungar, 1974). The germination 
requirements of common high marsh plants were investigated by Shumway and Bertness (1992) who found that, 
except for one notably patch-dependent fugitive species – Salicornia, the germination of high marsh plants is 
strongly inhibited by the high sediment salinity routinely encountered in natural bare patches.  In 1990 Adams et 
al. (1992) found that no salt marsh plants grew in areas with high sediment salinity (> 45 PSU). Gough and 
Grace (1998) examined the effects of altered flooding and salinity on coastal marsh communities in Louisiana 
(USA) and found that an increase in salinity reduced species numbers and biomass, whereas a decrease in 
salinity had little effect on species numbers or biomass, but community composition changed. 
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 Plate 4-13: An example of bare patches in an intertidal salt marsh in the Kromme 
Estuary. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Plate 4-14: An example of bare patches in a floodplain salt marsh in the Olifants 
Estuary. 
Sediment salinities were higher in the Kromme and Olifants estuaries in summer than winter (Table 4.9). Both 
these estuaries receive winter rainfall.  Adams (1991) found similar responses in the Kromme Estuary. Shannon-
Weaver diversity indices (H‟) were calculated for the macrophytes in the Kromme and adjacent estuaries. The 
Kromme Estuary had a higher species diversity in summer than in winter (Adams, 1991). This was mainly due to 
evaporation and accumulation of salt during the months of low rainfall,  that reduced the salt marsh area in the 
summer. Rainfall and tidal inundation are both important in regulating salt marsh salinity in the Kromme 
Estuary. In the past more frequent flooding by freshwater may have reduced sediment and groundwater salinity. 
However, because of a lack of historical data it is difficult to say whether salinity has increased over time 
(Adams et al., 1992). In the Olifants Estuary, the effect of rainfall on surface sediment electrical conductivity 
was slight and of short duration. Rain had little influence on the sediment moisture and electrical conductivity of 
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the deeper layers compared to the surface and subsurface sediment layers. Rainfall in this semi-arid region is too 
low to effectively leach salts out of the upper sediment horizons and the large supratidal and floodplain salt 
marsh should therefore be managed to maintain a suitable water table level and salinity. 
 Table 4-11: The effects of rainfall on surface sediment electrical conductivity in the 
Kromme and Olifants estuaries (n = 129). 
Estuary Summer Electrical Conductivity 
(mS cm
-1
) 
Winter Electrical Conductivity 
(mS cm
-1
) 
Olifants 20-100 20-80 
Kromme 35-115 20-50 
 
In summary, the Olifants and the Kromme estuaries have a similar species composition due to the low rainfall on 
the west coast of South Africa (Olifants Estuary) and the consistent high water column salinity of the Kromme 
Estuary. Intertidal and supratidal salt marsh species respond to different physico-chemical conditions, but show 
similar patterns in different permanently open estuaries.  
 
The results from this study suggest that consistently high water column salinity (> 35 PSU) and lack of 
freshwater flooding as a result of the dams in the catchment of the Kromme Estuary have increased sediment 
salinity. Environmental flow releases would be best during spring/summer to reduce salinity, promote seed 
germination and salt marsh growth. Future dams are planned for the Olifants Estuary on the dry west coast. A 
reduction in freshwater inflow will increase water column salinity thus influencing sediment and groundwater 
salinity. Reduced flooding can decrease the depth to groundwater and threaten the supratidal and floodplain salt 
marsh. Sarcocornia pillansii is the only plant adapted to grow in this harsh environment and its loss would lead 
to the formation of bare, dry salt pans as has occurred at the Orange River Estuary. To obtain a better 
understanding of macrophyte response to physico-chemical conditions, changes in vegetation cover and 
sediment conditions were measured in four temporarily open/closed estuaries (Chapter 5). 
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Chapter 5: The relationship between macrophytes and 
environmental factors in four temporarily open/closed estuaries 
(Great Brak, Seekoei, East Kleinemonde and Mngazi). 
5.1 Introduction 
Temporarily open/closed estuaries do not have a permanent open link to the sea. Their inlets are unstable due to 
a combination of a small tidal prism, energetic wave climate (with associated sediment transport) and low or 
intermittent river inflow. In South Africa about 70 % of estuaries are temporarily open/closed, with most of them 
located on the east coast (Stretch and Parkinson, 2006). Similar systems, sometimes referred to as „‟blind‟‟, 
„‟intermittently open (temporarily open/closed)‟‟, or „‟seasonally open‟‟ estuaries are also found in Australia, on 
the west coast of the USA, South America and India (Coates et al., 2002; Dye, 2006; Gladstone et al., 2006).  
 
The mouth dynamics of small temporarily open/closed estuaries play a key role in their overall functioning. 
Intermittent breaching of the sand barriers of these systems lead to large changes in the physico-chemical 
environment, which in turn trigger major biological responses (van Niekerk et al., 2008). The breaching process 
can also give rise to significant morphological changes because the high breach outflows can scour large 
quantities of accumulated sediment from an estuary (Stretch and Parkinson, 2006). A reduction in freshwater 
supply can increase the frequency and duration of mouth closure. Increased water level and changes in salinity 
are the major factors that can cause changes to the macrophyte communities. 
 
The objectives of this study were: 
1. To produce accurate maps of the vegetation of the estuary,  
2. To identify vegetation patterns along an elevation profile, and 
3. To investigate the spatial and temporal variations in vegetation cover and sediment characteristics. 
 
Hypotheses to be tested were: 
1. Sediment electrical conductivity is influenced by the groundwater electrical conductivity. 
2. The distribution of species is correlated to depth to groundwater and groundwater electrical 
conductivity in supratidal areas where tidal flushing is limited. 
5.2 Methods and Materials 
5.2.1 Vegetation Analysis 
Three permanent transects were established in the marsh area along the Great Brak, Seekoei, East Kleinemonde 
and the Mngazi estuaries. Two transects were situated in the lower and one in the middle reaches of the Great 
Brak Estuary. These sites were the same as those used for long-term monitoring by the CSIR (CSIR, 2000; 
CSIR, 2003). One transect was situated in the lower and one in the middle reaches of the Seekoei Estuary. A 
third transect was placed in the middle reaches of the Swart River tributary to establish whether salt marsh 
structure and the controlling environmental variables were similar to those of the Seekoei Estuary. Two transects 
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were situated in the lower and one in the upper reaches of the East Kleinemonde Estuary. Two transects were 
established in the lower-middle reaches and one in the upper reaches of the Mngazi Estuary.  
 
The profile and elevation above mean sea level for each transect was determined using a theodolite (Sokkisha 
TM 6). Vegetation changes were analysed by determining the percentage cover in two duplicate quadrats (1 m
2
) 
located every 5 m along the transects in the Seekoei, East Kleinemonde, and Mngazi estuaries. In the Great Brak 
Estuary the vegetation changes were analysed by determining the percentage cover in replicate permanent 
quadrats (1 m
2
) in each vegetation zone, conforming to the method used by the CSIR (CSIR, 2000; CSIR, 2003). 
The permanent quadrats were used to determine whether seasonal changes in vegetation cover were occurring. 
Vegetation cover was measured during the closed mouth and the open mouth phases.   
5.2.2 Sediment Analysis 
During each field trip, sediment samples were collected in three vegetation zones along each transect. Zones 
were demarcated in the field along transects running from the terrestrial habitat into the estuarine water column, 
based on observations of coarse changes in species composition. In each zone, three replicate samples were 
collected from three depths, i.e. 0 – 0.05, 0.05 – 0.15 and 1.0 – 1.2 m. Samples were sealed and transported to 
the laboratory for analyses of sediment moisture content (Black, 1965), sediment organic content (Briggs, 1977), 
sediment electrical conductivity (Barnard, 1990) and sediment particle size (Gee and Bauder, 1986). Water table 
depth and electrical conductivity of the groundwater was measured in the field. Full methods are given in 
Chapter 4 (Section 4.2). 
5.2.3 Statistical Analysis 
Correlation analysis were run, for the Great Brak, Mngazi, East Kleinemonde and the Mngazi estuaries, using 
Statistica (Version 6, 2002), on all variables tested at all sites over both sampling periods. Variables included in 
the analysis were: distance inland from the estuary channel; percentage sediment moisture; sediment electrical 
conductivity; percentage sediment organic content; percentage sand fraction of the sediment; percentage silt 
fraction of the sediment; percentage clay fraction of the sediment; rainfall; water level; elevation; depth to 
groundwater and groundwater electrical conductivity. 
 
The species and environmental data for the Great Brak, Seekoei, East Kleinemonde and Mngazi estuaries were 
analysed using CANOCO for Windows (Version 4.52, 2003). Detrended Correspondence Analysis (DCA) was 
used to identify patterns in species distribution and cover over time. Canonical Correspondence Analysis (CCA) 
was used to obtain an ordination of the vegetation data constrained by environmental variables. Only the 
vegetation cover that occurred within the zones where sediment samples were collected along the transects were 
used in the CCA to determine the influence of environmental variables on the vegetation distribution. Monte 
Carlo permutation tests (999 permutations) were performed to assess the significance of the canonical axis 
showing the relationship between species and the selected environmental variables. The result of the CCA was 
plotted as a two-dimensional graph using CANODRAW for Windows (Version 4.12, 2003). The environmental 
variables were plotted as arrows originating from the center of the graph. The origin represents the mean value 
of each separate variable and the direction of the arrow line represents an increase in the value of that particular 
variable. The length of the environmental arrow indicates the importance of the variable and is equal to the 
multiple correlation of the variable with the displayed ordination axes. Statistical results were displayed in a 
table below each CCA ordination diagram (ter Braak and Šmilauer, 2002). 
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5.3 Results 
5.3.1 Rainfall 
The mean monthly rainfall for the year 2004, 2005, as well as over a 103 year period for the Great Brak area is 
given in Figure 5-1. The Great Brak Estuary receives its highest rainfall in summer. During 2004 there was a 20 
mm increase in rainfall from winter to summer. This value increased to 25 mm during 2005. According to the 
data collected by the South African Weather Services, the study area received above average rainfall during 
2004 (59.0 ± 15.5 mm) and below average rainfall during 2005 (40.7 ± 14.4 mm) (mean annual rainfall from 
1900-2003 was 42.0 ± 2.1 mm).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5-1: Mean monthly rainfall for the Great Brak area (1900-2005). 
The mean monthly rainfall for the year 2004, 2005, as well as over a 70 year period for the Jeffrey‟s Bay area is 
given in Figure 5-2. The Seekoei Estuary receives its highest rainfall in spring/summer. During 2004 there was a 
54 mm increase from winter/autumn to summer/spring. This value decreased to 10 mm during 2005. According 
to the data collected by the South African Weather Services, the study area received above average rainfall 
during 2004 (57.8 ± 16.6 mm) and below average rainfall during 2005 (32.9 ± 10.3 mm) (mean annual rainfall 
from 1933-2003 was 43.4 ± 2.4 mm).  
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 Figure 5-2: Mean monthly rainfall for the Jeffrey’s Bay area (1933-2005). 
The mean monthly rainfall for the year 2004, 2005, as well as over a 105 year period for the Port Alfred area is 
given in Figure 5-3. The East Kleinemonde Estuary receives its highest rainfall in spring/summer. During 2004 
there was a 52 mm increase from winter/autumn to summer/spring. This value increased to 65 mm during 2005. 
According to the data collected by the South African Weather Services, the study area received above average 
rainfall during 2004 (51.2 ± 15.1 mm) and 2005 (107.3 ± 20.6 mm) (mean annual rainfall from 1900-2003 was 
50.1 ± 2.4 mm).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5-3: Mean monthly rainfall for the Port Alfred area (1900-2005). 
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The mean monthly rainfall for the year 2004, 2005 as well as over an 85 year period for the Cape Hermes area is 
given in Figure 5-4. The Mngazi Estuary receives its highest rainfall in summer. During 2004 there was a 10 mm 
increase from winter to summer. This value increased to 90 mm during 2005. According to the data collected by 
the South African Weather Services, the study area received above average rainfall during 2004 (94.1 ± 18.7 
mm) and 2005 (94.8 ± 15.5 mm) (mean annual rainfall from 1920-2003 was 88.2 ± 10.0 mm).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5-4: Mean monthly rainfall for the Cape Hermes area (1920-2005). 
5.3.2 Water Level and Mouth Condition 
Monitoring of the Great Brak Estuary started in 1988 and only anecdotal information on mouth conditions is 
available before then. The Wolwedans Dam was commissioned in May 1990 and concerns existed about the 
potential impacts of the dam on the estuary, related to the reduction in river flow (CSIR, 1990). The freshwater 
requirements of the estuary were recognized in the White Paper for the Wolwedans Dam (CSIR, 2000) and a 
volume of water of 1 x 10
6
 m
3
.yr
-1
 was allocated to the estuary to meet these requirements. This was partly based 
on the estimation that 0.533 x 10
6
 m
3
.yr
-1
 is lost from the estuary by evaporation and that the estuary would 
become hypersaline if this water could not be released from the dam (van Niekerk et al., 2008). Since then, 
regular dam releases have been undertaken, particularly in summer and spring, to maintain open mouth 
conditions. During the study period (2004-2005) the mouth of the Great Brak Estuary was open for 36 and 65 % 
of the time respectively in 2004 and 2005 (Figure 5-5). 
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 Figure 5-5: Water levels above mean sea level in the Great Brak Estuary from September 
2004 to November 2005. 
The Department of Water Affairs and Forestry (DWAF) installed a continuous water level recorder (K9H009) at 
the Seekoei Estuary (Aston Bay) in August 2002. The Seekoei Estuary was predominantly in a closed mouth 
state during the period of 2004-2005 and it seldom opened for extended periods of time (Figure 5-6). After the 
heavy flash floods of 24 December 2004, the mouth stayed open for ~ 3 months.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5-6: Water levels above mean sea level in the Seekoei Estuary from May 2004 to 
May 2005. 
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The Department of Water Affairs and Forestry (DWAF) installed a continuous water level recorder (P4H002) at 
the East Kleinemonde Bridge in March 2005. The East Kleinemonde Estuary was predominantly in a closed 
mouth state during the period of 2005 and open mouth events tended to only last a few days (Figure 5-7). After a 
rapid increase in the water level due to a freshette on 7 November 2005, the mouth stayed open for only two 
days. Tidal variation was only observed at a subsequent breaching event four days later. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5-7: Water levels above mean sea level in the East Kleinemonde Estuary from 
March 2005 to December 2005. 
The Department of Water Affairs and Forestry have been gauging the river flow of the Mngazi catchment 
(T7H001) since the early 1970s. Unfortunately, the data are not judged to be of a high quality until the mid-
1990s (van Nierkerk and Huizinga, 2005). On a request from the CSIR a water level recorder was installed in 
2003 in the Mngazi Estuary (T7H004) to gauge changes in mouth conditions and tidal variation (van Niekerk 
and Huizinga, 2005).  
 
The Mngazi Estuary was predominantly in an open or semi-closed mouth state during the period of 2004 to 2005 
and it seldom closed completely for long periods at a time (Figure 5-8). After the flood event of 25 September 
2004, the mouth stayed open for an extended period (~ 8 months). During this episode tidal amplitudes of nearly 
a meter were also observed which indicated that significant sediment was removed from the mouth region during 
the flood. The increase in tidal flows would have assisted considerably in maintaining open mouth conditions in 
early 2005 (Van Niekerk and Huizinga, 2005). 
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 Figure 5-8: Water levels above mean sea level in the Mngazi Estuary from March 2004 to 
May 2005. 
5.3.3 Vegetation Mapping 
5.3.3.1 Great Brak Estuary 
In the Greak Brak Estuary there was a substantial (52.68 ha) decrease in salt marsh vegetation and an increase 
(43.27 ha) in degraded floodplain, whereas there was only a slight increase in reeds and sedges (0.15 ha) from 
1940 to 2008 (Figure 5-9, Figure 5-10 and Table 5-1). Spartina alterniflora, never before found in a South 
African estuary, had invaded approximately 0.5 ha of the salt marsh.  
5.3.3.2 Seekoei Estuary 
The historical vegetation distribution of the Seekoei Estuary could not be determined because available aerial 
photos were qualitatively not sufficient to use for comparative purposes. Recent aerial photographs showed that 
the most widely distributed vegetation types were salt marsh (12.9 ha) and submerged macrophytes (16.7 ha). 
5.3.3.3 East Kleinemonde Estuary 
In the East Kleinemonde Estuary there was an increase in both salt marsh vegetation (10.86 ha) and reeds and 
sedges (1.83 ha) from 1939 to 2005 (Figure 5-12, Figure 5-13 and Table 5-1). The area covered by sandbanks 
decreased (5.69 ha) over the past 66 years, probably due to the construction of the road bridge and the increase in 
colonization of the sandbanks by salt marsh. Submerged vegetation and macroalgae were not mapped in both 
eastuaries, since these species are extremely dynamic within this system. 
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5.3.3.4 Mngazi Estuary 
Submerged macrophytes (2.27 ha) were present in the Mngazi Estuary during 1938, however no submerged 
macrophytes occurred within the system during 2005 (Figure 5-14, Figure 5-15 and Table 5-1). There was an 
overall decrease in reeds and sedges (6.83ha), probably due to extensive reed harvesting within the catchment. 
There was an increase of 2.7 ha of sandbanks within the estuary. 
 Table 5-1: Differences in community and habitat type cover between the past and 
present for the Great Brak, Seekoei, East Kleinemonde and Mngazi estuaries. 
ESTUARY COMMUNITY TYPE PAST PRESENT 
 
 
Great Brak 
 1940 (ha) 2008 (ha) 
Salt marsh 77.13 24.45 
Reeds and sedges 1.28 1.43 
Sandbanks 20.19 19.98 
Mudbanks 0.21 7.36 
Degraded floodplain 3.66 46.93 
Spartina alterniflora 0 0.54 
 
 
Seekoei 
  2008 (ha) 
Salt marsh - 12.93 
Reeds and sedges - 2.02 
Submerged 
macrophytes 
- 16.67 
Sandbanks - 13.60 
 
East 
Kleinemonde 
 1939(ha) 2005 (ha) 
Salt marsh 6.58 17.44 
Reeds and sedges 0.18 2.01 
Sandbanks 13.12 7.51 
 
 
Mngazi 
 1938 (ha) 2005 (ha) 
Reeds and sedges 7.92 1.09 
Submerged 
macrophytes 
2.27 0 
Sandbanks 4.66 7.38 
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 Figure 5-9: Vegetation distribution in the Great Brak Estuary in 1940. 
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 Figure 5-10: Vegetation distribution in the Great Brak Estuary in 2008. 
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 Figure 5-11: Vegetation distribution in the Seekoei Estuary in 2008. 
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 Figure 5-12: Vegetation distribution in the East Kleinemonde Estuary in 1939. 
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 Figure 5-13: Vegetation distribution in the East Kleinemonde Estuary in 2005. 
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 Figure 5-14: Vegetation distribution in the Mngazi Estuary in 1938. 
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 Figure 5-15: Vegetation distribution in the Mngazi Estuary in 2005. 
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5.3.4 Transect Data 
5.3.4.1 Great Brak Estuary 
Transect A in the Great Brak Estuary was 250 m long and extended from the western bank of the estuary into the 
water channel (Plate 5-1). During the open mouth phase (December 2004), the first 50 m of the transect was 
dominated by Sarcocornia decumbens and Sporobolus virginicus (Figure 5-16). Triglochin sp. and Juncus 
kraussii were present, however both species had a low percentage cover. The next 30 m were located in a side 
channel, where the submerged macrophyte Ruppia cirrhosa was the dominant species. On the eastern side of the 
channel Sarcocornia perennis, a low intertidal salt marsh species, was dominant for approximately 20 m. The 
next 100 m along the transect were dominated by three upper intertidal species, Bassia diffusa, Sarcocornia 
decumbens and Sporobolus virginicus. Zostera capensis was the dominant submerged species in the estuary 
channel. 
 
Approximately two weeks after a mouth opening event (October 2005) there was a decrease in Sarcocornia 
decumbens and Sporobolus virginicus (first 40 m of the transect; Figure 5-17). There was also an increase in 
percentage bare ground and a large algal mat covered the area, indicating the position of the high water level 
during the closed mouth phase. There was a slight decrease in Ruppia cirrhosa in the side channel of the estuary. 
Ulva rigida and Zostera capensis, absent during the open mouth phase in December 2004, were now present. 
The decrease in Ruppia cirrhosa may have been due to shading by the filamentous green alga Ulva spp.. From 
100 to 240 m there was a large decrease in percentage cover for Sarcocornia perennis and Sarcocornia 
decumbens and large areas of salt marsh were covered by an extensive algal mat (Ulva spp.) (Plate 5-2). Bassia 
diffusa and Sporobolus virginicus, however, showed only slight decreases in cover abundance. Zostera capensis 
was still the dominant submerged macrophyte species in the estuary channel. 
 
 
 
 
 
 
 
 
 
 
 
 Plate 5-1: The location of Transect A in the Great Brak Estuary showing the upper 
section (A) and the end of the transect near the estuary channel (B). 
(B) (A) 
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 Plate 5-2: Algal mat, consisting primarily of Ulva spp., covering extensive areas of salt 
marsh vegetation in the Great Brak Estuary. 
 
Transect B in the Great Brak Estuary was 290 m long and extended from the western bank into the water channel 
(Plate 5.3). During the open mouth phase (December 2004), the first 20 m of the transect was dominated by 
Triglochin sp. and Sporobolus virginicus (Figure 5.18). Elevation increased in the next 80 m and therefore the 
upper intertidal species, Bassia diffusa and Sporobolus virginicus, were the dominant species, with Sarcocornia 
decumbens being sub-dominant. Between 100 and 120 m there was a sharp decline in elevation (Plate 5.4). The 
dominant submerged species present in this side channel of the estuary was Zostera capensis. From 
approximately 120 to 240 m there was a gradual increase in elevation. The dominant species in this area 
consisted of Sporobolus virginicus and Sarcocornia decumbens. A monospecific stand of Spartina alterniflora 
occurred close to the waters edge. The dominant submerged macrophyte in the estuary channel was Zostera 
capensis. 
 
Approximately two weeks after a mouth opening event (October, 2005) there was a decrease in the percentage 
cover of Triglochin sp. and Sporobolus virginicus in the first 20 m of the transect (Figure 5.19). In the next 80 m 
Sarcocornia decumbens, Bassia diffusa and Sporobolus virginicus increased in percentage cover. These species 
occurred in an area of high elevation. From approximately 120 to 240 m there was a decrease in Sarcocornia 
decumbens and a slight increase in Sporobolus virginicus. Zostera capensis increased in cover in both the side 
channel and the estuary channel. 
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 Figure 5-16: Kite diagram showing the distribution of vegetation along Transect A in the 
Great Brak Estuary during the open mouth phase (full species names are available in 
Appendix 1). 
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 Figure 5-17: Kite diagram showing the distribution of vegetation along Transect A in the 
Great Brak Estuary two weeks after an opening event (full species names are available 
in Appendix 1). 
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 Plate 5-3: The location of Transect B in the Great Brak Estuary showing the start (A) and 
end location (B). 
 
 
 
 Plate 5-4: Low elevation side channel, along Transect B in the Great Brak Estuary. 
 
 
 
 
(B) (A) 
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 Figure 5-18: Kite diagram showing the distribution of vegetation along Transect B in the 
Great Brak Estuary during the open mouth phase (full species names are available in 
Appendix 1). 
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 Figure 5-19: Kite diagram showing the distribution of vegetation along Transect B in the 
Great Brak Estuary two weeks after a mouth opening event (full species names are 
available in Appendix 1). 
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Transect 3 in the Great Brak Estuary was 360 m long and extended from the western bank into the water channel 
(Plate 5-5). During the open mouth phase (December 2004), the first 20 m of the transect was in an area of low 
elevation and was dominated by Sarcocornia decumbens (Plate 5-6), with Sporobolus virginicus (Plate 5-6) 
being sub-dominant (Figure 5-20). This was followed by an area of increased elevation (20-100 m), where 
dominance changed to the supratidal salt marsh species, Sarcocornia pillansii. Between 100 and 340 m, there 
were numerous increases and decreases in the elevation profile, resulting in changes in dominance from the 
intertidal salt marsh species, Sarcocornia perennis, Sarcocornia decumbens and Sporobolus virginicus, to the 
supratidal salt marsh species, Suaeda fruticosa (L.) Forssk and Sarcocornia pillansii. Bassia diffusa (Plate 5-6) 
was present in areas of high and low elevation along the entire transect. Zostera capensis was the dominant 
submerged macrophyte in the estuary channel. 
 
Approximately two weeks after a mouth opening event (October 2005), there was a decrease in the intertidal salt 
marsh species, Sarcocornia perennis, Sarcocornia decumbens and Sporobolus virginicus (Figure 5-21). There 
was, however, only a slight decrease in the supratidal salt marsh species, Sarcocornia pillansii and Suaeda 
fruticosa. No submerged macrophytes were present in the estuary channel. 
 
 
 
 
 
 
 
 
 
 Plate 5-5: The location of Transect 3 in the Great Brak Estuary showing the start (A) and 
end (B) of the transect. 
 
 
 
 
 
 
 
 Plate 5-6: Upper intertidal salt marsh species Sporobolus virginicus (A) and Bassia 
diffusa interspersed with Sarcocornia decumbens (B). 
 
(A) (B) 
(B) (A) 
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 Figure 5-20: Kite diagram showing the distribution of vegetation along Transect 3 in the 
Great Brak Estuary during the open mouth phase (full species names are available in 
Appendix 1). 
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 Figure 5-21: Kite diagram showing the distribution of vegetation along Transect 3 in the 
Great Brak Estuary two weeks after a mouth opening event (full species names are 
available in Appendix 1). 
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5.3.4.2 Seekoei Estuary 
Transect 1 in the Seekoei Estuary was 140 m long and extended from the southern bank into the water channel. 
During the open mouth phase (January 2005), the first 15 m of the transect was in an area of high elevation and 
was dominated by terrestrial species such as Bromus pectinatus Thunb. and Medicago polymorpha L. (Figure 5-
22). Between 15 and 20 m, monospecific stands of Juncus kraussii were present (Plate 5-7). This was followed 
by an area (20-60 m) dominated by Sporobolus virginicus. Between 60 and 100 m, Sarcocornia perennis became 
the dominant species, with Sporobolus virginicus sub-dominant. The final 40 m of the transect was within the 
estuary channel and mostly consisted of bare ground. Low percentage cover of filamentous algae (e.g. Ulva 
spp.), Zostera capensis and Ruppia cirrhosa were present in the estuary channel.  
 
During the closed mouth phase (July 2004), there was a higher percentage cover of Juncus kraussii and 
Sporobolus virginicus (Figure 5-23). Sarcocornia perennis had a greater cover during the closed than the open 
mouth phase, but was inundated with water and had died-back entirely (Plate 5-8). This species recovered 
quickly after the mouth opening event on the 24
th
 of December 2004 and showed a percentage cover of up to 
50% in areas just 2 weeks after the mouth opened. There was a slight increase in the percentage cover of Zostera 
capensis during the closed mouth phase. Ruppia cirrhosa was absent from the transect. 
  
 
 Plate 5-7: Juncus kraussii along Transect 1. 
 
 Plate 5-8: Sarcocornia perennis die-back due to inundation stress. 
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 Figure 5-22: Kite diagram showing the distribution of vegetation along Transect 1 in the 
Seekoei Estuary during the open mouth phase (full species names are available in 
Appendix 1). 
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 Figure 5-23: Kite diagram showing the distribution of vegetation along Transect 1 in the 
Seekoei Estuary during the closed mouth phase (full species names are available in 
Appendix 1). 
Transect 2 in the Seekoei Estuary was 100 m long and extended from the southern bank into the water channel. 
During the open mouth phase (January 2005), the first 5 m of the transect was in an area of high elevation and 
was dominated by Juncus kraussii (Figure 5-24). Between 5 and 15 m, Sarcocornia perennis was the dominant 
species. This was followed by an area (15-20 m) dominated by Phragmites australis next to the estuary channel. 
Within the estuary channel Ruppia cirrhosa was the dominant species with Zostera capensis sub-dominant.  
 
During the closed mouth phase (July 2004), there was little difference in the vegetation cover (Figure 5-25). 
There was a decrease in Sarcocornia perennis. Within the estuary channel there was a decrease in Ruppia 
cirrhosa and an increase in Zostera capensis.  
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 Plate 5-9: The location of Transect 2 in the Seekoei Estuary. 
 
 Plate 5-10: Sarcocornia perennis, dominant intertidal salt marsh species along Transect 
2. 
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 Figure 5-24: Kite diagram showing the distribution of vegetation along Transect 2 in the 
Seekoei Estuary during the open mouth phase (full species names are available in 
Appendix 1). 
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 Figure 5-25: Kite diagram showing the distribution of vegetation along Transect 2 in the 
Seekoei Estuary during the closed mouth phase (full species names are available in 
Appendix 1). 
Transect 3 in the Seekoei Estuary was 100 m long and extended from the northern bank of the Swart tributary 
into the water channel. During the open mouth phase (January 2005), the first 5 m of the transect was in an area 
of high elevation and was dominated by terrestrial species such as Carpobrotus sp. and Scirpus sp. (Figure 5-26). 
Between 5 and 10 m Disphyma crassifolium was the dominant species. This was followed by an area (10-20 m) 
next to the estuary channel where Sporobolus virginicus was dominant. No submerged macrophyte species 
occurred within the estuarine channel.  
 
During the closed mouth phase (July 2004), there was little difference in the vegetation cover (Figure 5-27), 
except for an increase in Sporobolus virginicus.  
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 Plate 5-11: Zonation along Transect 3 in the Swart tributary. 
 
 Plate 5-12: Disphyma crassifolium occurring along Transect 3 in the Swart tributary. 
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 Figure 5-26: Kite diagram showing the distribution of vegetation along Transect 3 in the 
Seekoei Estuary during the open mouth phase (full species names are available in 
Appendix 1). 
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 Figure 5-27: Kite diagram showing the distribution of vegetation along Transect 3 in the 
Seekoei Estuary during the closed mouth phase (full species names are available in 
Appendix 1). 
5.3.4.3 East Kleinemonde Estuary 
Transect 1 in the East Kleinemonde Estuary was 270 m long and extended from the southern bank across the 
estuary channel to the northern bank. During the open mouth phase (February 2005) the dominant vegetation on 
the southern bank consisted of the intertidal salt marsh species, Sarcocornia perennis, interspersed with large 
areas of bare ground (Plate 5-13). No submerged macrophytes were present in the water channel between the 
southern and the northern estuary banks (Figure 5-28). The northern bank was colonized by Phragmites 
australis. 
 
During the closed mouth phase (November 2004) there was an increase in Juncus kraussii and Sporobolus 
virginicus (Figure 5-29). There was a decrease in cover of Sarcocornia perennis, however only in the low lying 
areas. In areas of higher elevation there was no significant decrease in the cover of Sarcocornia perennis. 
Salicornia meyeriana was present during the closed phase while absent during the open phase. No submerged 
macrophytes were present in the water channel between the southern and the northern estuarine banks. The 
northern bank was colonized by Phragmites australis, although it had mostly died back in winter. 
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 Plate 5-13: The dominant species along Transect 1 consists of Sarcocornia perennis 
that is interspersed with areas of bare ground. 
 
 Plate 5-14: An increase in water level during the closed mouth phased resulted in a die-
back of the dominant species, Sarcocornia perennis. 
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 Figure 5-28: Kite diagram showing the distribution of vegetation along Transect 1 in the 
East Kleinemonde Estuary during the open mouth phase (full species names are 
available in Appendix 1). 
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 Figure 5-29: Kite diagram showing the distribution of vegetation along Transect 1 in the 
East Kleinemonde Estuary during the closed mouth phase (full species names are 
available in Appendix 1). 
Transect 2 in the East Kleinemonde Estuary was 335 m long and extended from the southern bank across the 
estuary channel to the northern bank. During the open mouth phase the dominant vegetation on the southern 
bank consisted of the intertidal salt marsh species, Sarcocornia perennis, interspersed with large areas of bare 
ground (Plate 5-15). Between 140 and 160m there was a slight increase in elevation and Sporobolus virginicus 
became the dominant species with Sarcocornia decumbens subdominant. No submerged macrophytes were 
present in the water channel between the southern and the northern estuarine banks (Figure 5-30). The northern 
bank consisted of Sarcocornia perennis close to the estuarine channel and Stenotaphrum secundatum at higher 
elevations. 
 
During the closed mouth phase (November 2004) there was an increase in Sarcocornia decumbens and 
Sporobolus virginicus, as Sarcocornia perennis decreased (Figure 5-31). In areas of higher elevation there was 
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no significant decrease in the cover of Sarcocornia perennis. No submerged macrophytes were present in the 
water channel between the southern and the northern estuarine banks. The northern bank consisted of 
Sarcocornia perennis and Sporobolus virginicus close to the estuarine channel and Stenotaphrum secundatum at 
higher elevations. 
 
 
 Plate 5-15: The dominant species along Transect 2 consists of Sarcocornia perennis 
that is interspersed with large areas of bare ground. 
  
 Plate 5-16: The annual, Salicornia meyeriana. 
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 Figure 5-30: Kite diagram showing the distribution of vegetation along Transect 2 in the 
East Kleinemonde Estuary during the open mouth phase (full species names are 
available in Appendix 1). 
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 Figure 5-31: Kite diagram showing the distribution of vegetation along Transect 2 in the 
East Kleinemonde Estuary during the closed mouth phase (full species names are 
available in Appendix 1). 
Transect 3 in the East Kleinemonde Estuary was 140 m long and extended from the southern bank across the 
estuary channel to the northern bank. During the open mouth phase, the first 10 m of the transect was in an area 
of higher elevation and Juncus kraussii and Sarcocornia decumbens were dominant (Figure 5-32). This was 
followed by an area of decreased elevation (20-60 m), where dominance changed to the lower intertidal salt 
marsh species, Sarcocornia perennis. No submerged macrophytes were present in the water channel between the 
southern and the northern estuarine banks. The northern bank consisted of Sarcocornia perennis and 
Sarcocornia decumbens close to the estuarine channel and Stenotaphrum secundatum and Juncus kraussii at 
higher elevations. 
 
During the closed mouth phase (November 2004) there was an increase in Sarcocornia decumbens and Juncus 
kraussii (Figure 5.34). There was a decrease in cover of Sarcocornia perennis, however only in the low lying 
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areas. In areas of higher elevation there was no significant decrease in the cover of Sarcocornia perennis. No 
submerged macrophytes were present in the water channel between the southern and the northern estuarine 
banks. Vegetation on the northern bank remained the same. A small section of the transect on the northern bank 
of the estuarine channel was destroyed by grading (Plate 5-17). Cow dung was also found, indicating that cows 
are allowed to graze the salt marsh (Plate 5-18). 
 
 
 Plate 5-17: A portion of Transect 3 was destroyed by ploughing activities. 
 
 
 Plate 5-18: Cows grazing along the banks of the estuary. 
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 Figure 5-32: Kite diagram showing the distribution of vegetation along Transect 3 in the 
East Kleinemonde Estuary during the open mouth phase (full species names are 
available in Appendix 1). 
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 Figure 5-33: Kite diagram showing the distribution of vegetation along Transect 3 in the 
East Kleinemonde Estuary during the closed mouth phase (full species names are 
available in Appendix 1). 
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5.3.4.4 Mngazi Estuary 
Transect 1 in the Mngazi Estuary was 135 m long and extended from the southern bank across the „island‟ and 
the estuary channel to the northern bank (Figure 5-34). During the closed mouth phase (June 2004) the 
vegetation on the southern bank consisted of the grass, Stenotaphrum secundatum (Figure 5-34). No submerged 
macrophytes were present in the water channel between the southern bank and the „island‟. Vegetation on the 
„island‟ mainly consisted of Stenotaphrum secundatum, however the rush Juncus kraussii was also present. 
Phragmites mauritianus occurred along the waters edge on the southern bank of the „island‟, however, it had 
mostly died back in winter. Cow dung was found on the „island‟ indicating that the cows that graze on the 
estuary banks (Plate 5-19) are able to cross the channel and utilize the „island‟ for grazing. No submerged 
macrophytes were present in the water channel between the „island‟ and the northern bank of the estuary. The 
northern bank was vegetated with Phragmites mauritianus Kunth. 
 
During the open mouth phase (March 2005) the dominant vegetation on the southern bank of the estuary still 
consisted of Stenotaphrum secundatum (Figure 5-35), however Phragmites mauritianus occurred along the 
water‟s edge on the southern bank, where it was absent before. Phragmites mauritianus had also increased in 
cover along the waters edge on the southern bank of the „island‟. The dominant vegetation on the „island‟ 
remained Stenotaphrum secundatum, however two new species, Pycreus polystachos and Xanthium spinosum 
L.were also present. No submerged vegetation was present in the estuary channel between the southern bank and 
the „island‟ or between the northern bank and the „island‟. The northern bank of the estuary was dominated by 
Phragmites mauritianus. 
 
 
 
 
 
 
 
 
 
 
 
 
 Plate 5-19: Cows grazing along the banks of the Mngazi Estuary. 
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 Figure 5-34: Kite diagram showing the distribution of vegetation along Transect 1 in the 
Mngazi Estuary during the closed mouth phase (full species names are available in 
Appendix 1). 
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 Figure 5-35: Kite diagram showing the distribution of vegetation along Transect 1 in the 
Mngazi Estuary during the open mouth phase (full species names are available in 
Appendix 1). 
Transect 2 in the Mngazi Estuary was 50 m long and extended from the southern bank into the water channel. 
During the closed mouth phase (June 2004), Stenotaphrum secundatum was dominant for the first 10 m of the 
transect with Juncus kraussii being sub-dominant (Figure 5-36). The water level started at 10 m from the top of 
the transect and therefore all vegetation occurring from this point onwards was inundated to some extent. 
Between 10 and 20 m, Juncus kraussii occurred in monospecific stands. Phragmites mauritianus was present 
between 20 and 30 m and, although the stands were still alive, they appeared to be stressed. No submerged 
vegetation was found in the estuary channel. 
 
During the open mouth phase (March 2005), Stenotaphrum secundatum remained dominant along the first 10 m 
of the transect, with Juncus kraussii being sub-dominant (Figure 5-37). However, percentage cover had 
decreased for Stenotaphrum while it had increased for Juncus. Percentage cover for Juncus kraussii had also 
increased in the area where it occurred in monospecific stands (10-20 m). There was an increase in the cover 
abundance of Phragmites mauritianus. The water level had dropped due to the open mouth conditions, therefore 
there was an increase in bare ground and wrack. No submerged macrophytes were present in the estuary channel. 
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 Figure 5-36: Kite diagram showing the distribution of vegetation along Transect 2 in the 
Mngazi Estuary during the closed mouth phase (full species names are available in 
Appendix 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5-37: Kite diagram showing the distribution of vegetation along Transect 2 in the 
Mngazi Estuary during the open mouth phase (full species names are available in 
Appendix 1). 
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Transect 3 in the Mngazi Estuary was 55 m long and extended from the southern bank into the water channel 
(Plate 5-20). During the closed mouth phase (June 2004), Stenotaphrum secundatum was dominant for the first 
20 m of the transect with Juncus kraussii, Sporobolus africanus and Conyza scabrida DC. being sub-dominant 
(Figure 5-38). The next 20 m, Juncus kraussii was dominated with Stenotaphrum secundatum being sub-
dominant. A small patch (0.5 m
2
) of Sarcocornia perennis was present at the water‟s edge. The estuarine water 
edge started approximately 40 m from the top of the transect, inundating only bare ground. No submerged 
vegetation was found in the estuary channel. 
 
During the open mouth phase (March 2005), Stenotaphrum secundatum remained dominant for the first 20 m of 
the transect with Juncus kraussii being sub-dominant (Figure 5-39). Juncus kraussii was dominant for the next 
20 m with Stenotaphrum secundatum being sub-dominant. There was a slight increase in Sarcocornia perennis. 
The drop in the water level had also led to the colonization of a large area of Sporobolus virginicus, which was 
absent from the transect during the closed mouth phase. The estuarine water edge started at approximately 45 m 
from the top of the transect, inundating only bare ground. No submerged vegetation was found in the estuary 
channel during the open mouth phase either. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Plate 5-20: The location of Transect 3 along the Mngazi Estuary. 
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 Figure 5-38: Kite diagram showing the distribution of vegetation along Transect 3 in the 
Mngazi Estuary during the closed mouth phase (full species names are available in 
Appendix 1). 
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 Figure 5-39: Kite diagram showing the distribution of vegetation along Transect 3 in the 
Mngazi Estuary during the open mouth phase (full species names are available in 
Appendix 1). 
5.3.5 Vegetation Distribution 
Vegetation distribution in the Great Brak, Seekoei, East Kleinemonde and Mngazi estuaries was analysed using 
Detrended Correlation Analysis (DCA). Vegetation in the Great Brak Estuary was separated into two distinct 
communities, i.e. a) an upper intertidal salt marsh and b) a supratidal salt marsh and terrestrial vegetation 
community (Figure 5-40). These two groups were closely related since overlap of species in these zones 
occurred due to variation in the elevation profile. Spartina alterniflora was an outlier, omitted from the CA, 
since it was present only in Transect B in monospecific stands. 
 
Vegetation in the Seekoei Estuary was separated into three distinct communities i.e. a) a terrestrial b) salt marsh 
and c) submerged macrophyte community (Figure 5-41). Juncus kraussii and Phragmites australis were outliers 
and omitted from the CA. Both these species were present in monospesific stands in sites sampled. 
 
Vegetation in the East Kleinemonde Estuary was separated into two distinct communities, i.e. a) a submerged 
macrophyte and b) a salt marsh and reed and sedge community (Figure 5-42). Stenotaphrum secundatum was an 
outlier, because it only occurred along the terrestrial fringe of Transect 2. 
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Vegetation in the Mngazi Estuary consisted of two communities, i.e. a) a reed and sedge community and b) a 
grass community (Figure 5-43). Juncus kraussii and Xanthium spinosum were outliers. Sarcocornia perennis and 
Sporobolus virginicus were outliers, since they were the only salt marsh species present in the area sampled. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5-40: DCA ordination of species for the Great Brak Estuary over the 2 sampling 
periods, with the outlier, Spartina alterniflora, omitted. Eigenvalues: axis 1 = 0.902; axis 
2 = 0.817. 
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 Figure 5-41: DCA ordination of species for the Seekoei Estuary over the 4 sampling 
periods, with the outliers, Juncus kraussii and Phragmites australis, omitted. 
Eigenvalues: axis 1 = 0.996; axis 2 = 0.978. 
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 Figure 5-42: DCA ordination of sites for the East Kleinemonde Estuary over the 4 
sampling periods. Eigenvalues: axis 1 = 0.972; axis 2 = 0.966. 
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 Figure 5-43: DCA ordination of species for the Mngazi Estuary over the 2 sampling 
periods, with the outliers Sarcocornia perennis and Sporobolus virginicus omitted. 
Eigenvalues: axis 1 = 0.925; axis 2 = 0.480. 
5.3.6 The Influence of Environmental Variables on Vegetation Distribution 
The numerical results of the Canonical Correspondence Analysis (CCA) are shown in the tables below the 
ordination diagrams for the Great Brak, Seekoei, East Kleinemonde and Mngazi estuaries. A Monte Carlo 
permutation test of the trace (sum of eigenvalues of all canonical axis; 999 permutations) showed that the 
vegetation distribution in the Great Brak, Seekoei and Mngazi estuaries were significantly affected by elevation 
(p < 0.01) and groundwater electrical conductivity (p < 0.05). The same statistical test indicated that in the Great 
Brak Estuary, distance from the estuary channel (p = 0.001), depth to groundwater (p < 0.01), percentage sand 
fraction of the sediment (p < 0.05), sediment electrical conductivity (p < 0.05) and percentage sediment organic 
content (p < 0.05) were also important. In the Seekoei Estuary, the important abiotic drivers factors included 
depth to groundwater (p = 0.001), sediment electrical conductivity (p < 0.01) and percentage sand fraction of the 
sediment (p < 0.05). In the East Kleinemonde Estuary, percentage clay, silt and sand fraction of the sediment (p 
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< 0.05), depth to groundwater (p < 0.05) and sediment moisture content (p < 0.05) were the important abiotic 
drivers.  
 
In the Great Brak Estuary (Figure 5-44) the first canonical axis described 43 % of the variation of the species-
environment relation. The axis was negatively correlated with percentage clay fraction of the sediment (-0.13), 
percentage silt fraction of the sediment (-0.19) and groundwater electrical conductivity (-0.04) and positively 
correlated with elevation (0.60), distance from the estuary channel (0.29) and depth to groundwater (0.47). The 
ordination diagram for the Great Brak Estuary (Figure 5-44) indicates that the supratidal salt marsh species, 
Bassia diffusa and Sarcocornia pillansii, were associated with an increase in elevation and a high percentage 
sand fraction of the sediment. Triglochin sp. and Sarcocornia perennis (lower intertidal salt marsh species) were 
located close to the estuary channel and were associated with high sediment- and groundwater electrical 
conductivity. Sarcocornia decumbens and Sporobolus virginicus (upper intertidal salt marsh species) were 
associated with sediments that have a high percentage clay fraction of the sediment and high organic content. 
Stenotaphum secundatum was present at an increased distance away from the estuary channel where 
groundwater electrical conductivity was low. Spartina alterniflora, an outlier, occured close to the estuary 
channel in areas where the groundwater table was shallow and groundwater electrical conductivity was high.  
 
In the Seekoei Estuary (Figure 5-45), the first canonical axis described 38 % of the variation of the species-
environment relation. The axis was negatively correlated with sediment electrical conductivity (-0.16), elevation 
(-0.07) and percentage clay fraction of the sediment (-0.08) and positively correlated with percentage sand 
fraction of the sediment (0.43). The ordination diagram for the Seekoei Estuary (Figure 5-45) indicates that the 
upper-middle intertidal salt marsh species Disphyma crassifolium and Limonium scabrum were associated with a 
low moisture content and percentage silt fraction of the sediment. Sporobolus virginicus and Sarcocornia 
perennis were situated close to the estuary channel at a low elevation and were associated with a low percentage 
clay fraction of the sediment. Cotula coronopifolia, a lower intertidal salt marsh species, occurred in areas where 
the water table was shallow, whereas the reverse was true for the sedge Juncus kraussii. 
 
In the East Kleinemonde Estuary (Figure 5-46) the first canonical axis described 48 % of the variation of the 
species-environment relation. The axis was negatively correlated with sediment electrical conductivity (-0.11), 
percentage sand fraction of the sediment (-0.08) and depth to groundwater (-0.02) and positively correlated with 
elevation (0.25), distance from the estuary channel (0.20) and groundwater electrical conductivity (0.14). The 
ordination diagram for the East Kleinemonde Estuary (Figure 5-46) indicated that the upper intertidal salt marsh 
species, Sarcocornia decumbens, was associated with an increase in elevation and a high sediment organic 
content. Sarcocornia perennis (lower intertidal salt marsh species) was situated close to the estuary channel and 
were associated with high sediment electrical conductivity. Salicornia meyeriana was associated with sediments 
that had a high percentage clay fraction of the sediment and high groundwater electrical conductivity. Juncus 
kraussii was present where groundwater electrical conductivity was low.  
 
In the Mngazi Estuary (Figure 5-47) the first canonical axis (horizontal) described 54 % of the variation of the 
species-environment relation. The axis was negatively correlated with elevation (-0.66), percentage sand fraction 
of the sediment (-0.16) and depth to the groundwater (-0.27) and positively correlated with groundwater 
electrical conductivity (0.47), percentage moisture content (0.56) and percentage clay fraction of the sediment 
(0.07). The ordination diagram for the Mngazi Estuary (Figure 5-47) indicated that Sarcocornia perennis, the 
only salt marsh species present in the sampling area, was associated with high sediment- and groundwater 
electrical conductivity and occurred at a lower than average elevation. Juncus kraussii and Phragmites 
mauritianus were associated with shallow groundwater table high percentage sediment moisture content and a 
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close proximity to the estuary channel. Stenotaphrum secundatum was present at an increased distance from the 
estuary channel in sediments with low percentage moisture content. Xanthium spinosum, an outlier, was 
associated with sediments with a high percentage clay fraction.  
 
 Figure 5-44: Ordination diagram based on a CCA of species and environmental data for 
the Great Brak Estuary. 
 Table 5-2: Summary of CCA of species and environmental data for the Great Brak 
Estuary (p = 0.001). 
 Axis 1 Axis 2 Axis 3 Axis 4 Total Inertia 
Eigenvalues 0.786 0.513 0.243 0.137 3.630 
Species-environment correlation 0.940 0.813 0.635 0.611  
Cumulative percentage variance      
of species data 21.7 35.8 42.5 46.2  
of species-environment relation 43.1 71.3 84.5 92.1  
Sum of all unconstrained eigenvalues     3.630 
Sum of all canonical values     1.824 
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 Figure 5-45: Ordination diagram based on a CCA of species and environmental data for 
the Seekoei Estuary. 
 Table 5-3: Summary of CCA of species and environmental data for the Seekoei Estuary 
(p = 0.001). 
 Axis 1 Axis 2 Axis 3 Axis 4 Total Inertia 
Eigenvalues 0.998 0.920 0.692 0.012 3.018 
Species-environment correlation 0.999 0.964 0.941 0.223  
Cumulative percentage variance      
of species data 33.1 63.6 86.5 86.9  
of species-environment relation 38.1 73.1 99.5 100.0  
Sum of all unconstrained eigenvalues     3.018 
Sum of all canonical values     2.623 
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 Figure 5-46: Ordination diagram based on a CCA of species and environmental data for 
the East Kleinemonde Estuary. 
 Table 5-4: Summary of CCA of species and environmental data for the Seekoei Estuary 
(p = 0.001). 
 Axis 1 Axis 2 Axis 3 Axis 4 Total Inertia 
Eigenvalues 0.317 0.218 0.076 0.030 2.103 
Species-environment correlation 0.643 0.669 0.483 0.262  
Cumulative percentage variance      
of species data 15.1 25.5 29.1 30.5  
of species-environment relation 47.8 80.8 92.3 96.9  
Sum of all unconstrained eigenvalues     2.103 
Sum of all canonical values     0.662 
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 Figure 5-47: Ordination diagram based on a CCA of species and environmental data for 
the Mngazi Estuary. 
 Table 5-5: Summary of CCA of species and environmental data for the Mngazi Estuary 
(p = 0.001). 
 Axis 1 Axis 2 Axis 3 Axis 4 Total Inertia 
Eigenvalues 0.523 0.256 0.139 0.054 3.041 
Species-environment correlation 0.771 0.709 0.402 0.262  
Cumulative percentage variance      
of species data 17.2 25.6 30.2 31.9  
of species-environment relation 53.7 80.0 94.3 99.9  
Sum of all unconstrained eigenvalues     3.041 
Sum of all canonical values     0.973 
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A combined ordination plot (Figure 5-48) was created for the Great Brak, Seekoei, East Kleinemonde and the 
Mngazi estuaries to compare the effect of environmental variables on the various estuarine species across all the 
estuaries. A Monte Carlo permutation test of the trace (sum of eigenvalues of all canonical axis; 999 
permutations) showed that vegetation distribution in these estuaries was significantly affected by distance from 
the estuary channel (p = 0.001), elevation (p = 0.001), sediment electrical conductivity (p = 0,001), percentage 
silt fraction of the sediment (p = 0.001), sediment moisture content (p < 0.01), groundwater electrical 
conductivity (p < 0.01),  sediment organic content (p < 0.01), depth to groundwater (p < 0.05) and the percentage 
clay fraction in the sediment (p = < 0.05).  
 
The first canonical axis (horizontal) described 35 % of the variation of the species – environment relation. This 
axis was negatively correlated with percentage sand fraction of the sediment (-0.23), sediment electrical 
conductivity (-0.41) and groundwater electrical conductivity (-0.44) and positively correlated with percentage 
silt fraction of the sediment (0.09), sediment organic content (0.25) and percentage clay fraction (0.27).  
 
The ordination diagram for the combined estuaries (Figure-5.48) indicated that the supratidal (Sarcocornia 
pillansii) and upper intertidal (Bassia diffusa, Triglochin bulbosa, Sporobolus virginicus and Sarcocornia 
decumbens) salt marsh species were present at an increased distance away from the estuary channel at higher 
than average elevations, where the water table was deeper than average. The middle-lower intertidal species, 
however, did not form a single group since the different species responded to different environmental variables. 
For example, Cotula coronopifolia and Disphyma crassifolium were associated with a high sediment organic 
content and low sediment- and groundwater electrical conductivity, whereas Limonium linifolium and 
Sarcocornia perennis were associated with a high sediment moisture content and a shallow water table. 
Salicornia meyeriana was present in areas of high sediment- and groundwater electrical conductivity.   
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 Figure 5-48: Ordination diagram based on a CCA of species and environmental data for 
the Great Brak, Seekoei, East Kleinemonde and Mngazi estuaries. 
 Table 5-6: Summary of CCA of species and environmental data for the Great Brak, 
Seekoei, East Kleinemonde and Mngazi estuaries (p = 0.001). 
 Axis 1 Axis 2 Axis 3 Axis 4 Total Inertia 
Eigenvalues 0.740 0.410 0.338 0.258 8.400 
Species-environment correlation 0.881 0.665 0.644 0.551  
Cumulative percentage variance      
of species data 8.8 13.7 17.7 20.8  
of species-environment relation 35.2 54.7 70.8 83.0  
Sum of all unconstrained eigenvalues     8.400 
Sum of all canonical values     2.103 
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5.3.7 Correlation Analysis 
The correlation analysis made it possible to analyse the system as a whole and not as individual transects or 
single sampling. Only a few of the correlations were significant (p < 0.05) and these correlations were not very 
strong. 
 
In the Great Brak Estuary (Table 5-7) there was a decrease in the percentage silt fraction of the sediment with an 
increase in depth below the sediment surface. Sediment electrical conductivity increased with an increase in 
groundwater electrical conductivity and decreased with an increase in rainfall. Percentage sediment organic 
content increased with an increase in percentage sediment moisture content. Elevation increased with distance 
from the estuary channel associated with an increase in the percentage sand fraction of the sediment, and a 
decrease in the percentage silt fraction of the sediment and sediment electrical conductivity. 
 
In the Seekoei Estuary (Table 5-8) there was an increase in sediment organic content with an increase in 
sediment moisture content. With an increase in elevation there was an increase in the sand and clay fractions of 
the sediment and a decrease in the silt fraction of the sediment. At an increased distance from the estuary channel 
there was a decrease in sediment- and groundwater electrical conductivity and an increase in the depth to the 
water table. The sediment electrical conductivity increased with an increase in groundwater electrical 
conductivity. 
 
In the East Kleinemonde Estuary (Table 5-9), there was an increase in the percentage clay and sand fraction of 
the sediment with distance from the estuary channel. There was a decrease in the percentage silt fraction of the 
sediment and groundwater electrical conductivity, with an increase in depth below the sediment surface. An 
increase in rainfall and water level resulted in a decrease in the depth to the water table. Groundwater electrical 
conductivity increased with an increase in sediment electrical conductivity and decreased with an increase in 
distance inland from the estuarine channel and depth below the sediment surface. Percentage sediment organic 
content increased with an increase in the percentage moisture content.  
 
In the Mngazi Estuary (Table 5-10), there was an increase in percentage sediment organic content with an 
increase in percentage sediment moisture content. With an increase in distance inland from the estuary channel, 
the percentage sand fraction in the sediment and the depth to groundwater increased. However, sediment 
electrical conductivity, groundwater electrical conductivity and percentage sediment moisture content decreased. 
These sites occurred furthest from the estuary channel and were associated with supratidal salt marsh species. 
Groundwater electrical conductivity decreased and percentage moisture content increased with an increase in 
rainfall. Groundwater electrical conductivity increased with a decrease in depth to groundwater and with an 
increase in sediment electrical conductivity. 
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 Table 5-7: Correlations among physico-chemical variables for the Great Brak Estuary over both sampling periods. 
(Percentage sediment moisture content (% Moist), percentage sediment organic content (% OC), sediment electrical 
conductivity (EC), percentage clay fraction of the sediment (% Clay), percentage sand fraction of the sediment (% Sand), 
percentage silt fraction of the sediment (% Silt), groundwater electrical conductivity (GWEC), depth to groundwater (GW 
Depth), rainfall (Rain), water level, distance from estuary channel (Distance) and depth below sediment surface (Depth). 
Significant correlations, Spearman r, are those for p < 0.05; n = 756). Values denoted in blue refer to positive correlations, 
whereas values denoted in red refer to negative correlations.  
 % Moist % OC EC % Clay % Sand % Silt GWEC GW Depth Distance Elevation Rain Water level 
% Moist -            
% OC 0.78 -           
EC N/S N/S -          
% Clay 0.29 0.50 N/S -         
% Sand 0.44 0.53 N/S 0.56 -        
% Silt -0.44 -0.59 N/S -0.72 -0.96 -       
GWEC N/S 0.30 0.40 N/S N/S -0.27 -      
GW Depth N/S N/S N/S N/S N/S -0.28 N/S -     
Distance N/S N/S -0.32 N/S N/S N/S -0.33 0.59 -    
Elevation N/S N/S -0.41 N/S 0.33 -0.28 0.42 N/S 0.44 -   
Rain N/S N/S N/S 0.28 N/S N/S 0.46 N/S N/S N/S -  
Water level N/S N/S N/S 0.28 N/S N/S 0.46 N/S N/S N/S N/S - 
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 Table 5-8: Correlations among physico-chemical variables for the Seekoei Estuary over both sampling periods. 
(Percentage sediment moisture content (% Moist), percentage sediment organic content (% OC), sediment electrical 
conductivity (EC), percentage clay fraction of the sediment (% Clay), percentage sand fraction of the sediment (% Sand), 
percentage silt fraction of the sediment (% Silt), groundwater electrical conductivity (GWEC), depth to groundwater (GW 
Depth), rainfall (Rain), water level, distance from estuary channel (Distance) and depth below sediment surface (Depth). 
Significant correlations, Spearman r, are those for p < 0.05; n = 240). Values denoted in blue refer to positive correlations, 
whereas values denoted in red refer to negative correlations.  
 % Moist % OC EC % Clay % Sand % Silt GWEC GW Depth Distance Elevation Rain Water level 
% Moist -            
% OC 0.52 -           
EC 0.47 N/S -          
% Clay N/S 0.46 N/S -         
% Sand N/S 0.52 N/S 0.61 -        
% Silt N/S -0.54 N/S -0.80 -0.94 -       
GWEC N/S N/S 0.72 N/S N/S N/S -      
GW Depth N/S N/S -0.74 N/S N/S N/S -0.90 -     
Distance N/S N/S -0.64 N/S N/S N/S -0.63 0.65 -    
Elevation N/S N/S N/S 0.50 0.49 -0.47 N/S N/S N/S -   
Rain N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S -  
Water level N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S - 
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 Table 5-9: Correlations among physico-chemical variables for the East Kleinemonde Estuary the 4 sampling periods. 
(Percentage sediment moisture content (% Moist), percentage sediment organic content (% OC), sediment electrical 
conductivity (EC), percentage clay fraction of the sediment (% Clay), percentage sand fraction of the sediment (% Sand), 
percentage silt fraction of the sediment (% Silt), groundwater electrical conductivity (GWEC), depth to groundwater (GW 
Depth), rainfall (Rain), water level, distance from estuary channel (Distance) and depth below sediment surface (Depth). 
Significant correlations, Spearman r, are those for p < 0.05; n = 708). Values denoted in blue refer to positive correlations, 
whereas values denoted in red refer to negative correlations.  
 % Moist % OC EC % Clay % Sand % Silt GWEC GW Depth Distance Elevation Rain Water level 
% Moist -            
% OC 0.26 -           
EC N/S N/S -          
% Clay N/S 0.32 N/S -         
% Sand N/S N/S 0.28 0.58 -        
% Silt N/S N/S N/S -0.75 -0.97 -       
GWEC N/S N/S 0.52 N/S N/S N/S -      
GW Depth N/S 0.31 N/S 0.38 0.31 -0.40 -0.32 -     
Distance N/S N/S -0.57 N/S 0.37 -0.33 -0.32 N/S -    
Elevation N/S N/S N/S N/S N/S N/S N/S N/S N/S -   
Rain N/S -0.35 N/S -0.33 N/S N/S N/S -0.28 N/S N/S -  
Water level N/S -0.41 N/S -0.34 -0.31 0.39 0.58 -0.77 N/S N/S 0.48 - 
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 Table 5-10: Correlations among physico-chemical variables for the Mngazi Estuary over both sampling periods. 
(Percentage sediment moisture content (% Moist), percentage sediment organic content (% OC), sediment electrical 
conductivity (EC), percentage clay fraction of the sediment (% Clay), percentage sand fraction of the sediment (% Sand), 
percentage silt fraction of the sediment (% Silt), groundwater electrical conductivity (GWEC), depth to groundwater (GW 
Depth), rainfall (Rain), water level, distance from estuary channel (Distance) and depth below sediment surface (Depth). 
Significant correlations, Spearman r, are those for p < 0.05; n = 372). Values denoted in blue refer to positive correlations, 
whereas values denoted in red refer to negative correlations.  
 % Moist % OC EC % Clay % Sand % Silt GWEC GW Depth Distance Elevation Rain Water level 
% Moist -            
% OC 0.46 -           
EC 0.41 N/S -          
% Clay N/S 0.37 N/S -         
% Sand N/S N/S N/S 0.48 -        
% Silt N/S N/S N/S -0.83 -0.86 -       
GWEC 0.41 0.45 0.62 N/S N/S N/S -      
GW Depth -0.49 N/S -0.63 N/S 0.42 N/S -0.78 -     
Distance -0.51 N/S -0.49 N/S 0.41 N/S -0.71 0.79 -    
Elevation -0.63 N/S -0.57 N/S N/S N/S -0.51 0.44 0.38 -   
Rain 0.38 N/S N/S N/S N/S N/S -0.62 N/S N/S N/S -  
Water level -0.38 N/S N/S N/S N/S N/S 0.62 N/S N/S N/S N/S - 
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5.4 Discussion 
5.4.1 Vegetation and Habitat Mapping 
Temporarily open/closed estuaries constitute approximately 70% of all estuaries occurring along the South 
African coastline (Whitfield, 1992). Vegetation was mapped using aerial photography to determine change in 
vegetation cover over over time in various estuaries. The objective was to determine whether vegetation change 
can be attributed to anthropogenic impacts such as construction of infrastructure and structures, freshwater 
abstraction, etc. Colloty (2000) described nine possible plant community types for South African estuaries, seven 
of which occur in the Great Brak Estuary. These include: phytoplankton, benthic microalgae, macroalgae, 
submerged macrophytes, reeds and sedges, supratidal salt marsh and intertidal salt marsh communities. Turpie et 
al. (2002) ranked the Great Brak Estuary 49
th
 out of 256 South African estuaries in terms of conservation 
importance.  The estuary received a high score for size, habitat diversity and biodiversity. 
 
Macroalgae, mostly consisting of Cladophora sp. and Enteromorpha sp., were found in the Great Brak Estuary, 
particularly in quiet sheltered areas when the mouth of the estuary was closed. The mouth of the Great Brak 
Estuary closed in May 2007 and by September 2007, dense macroalgal mats covered approximately 50 % of the 
water surface area in the lower reaches (Adams, 2008). The reduction in flooding of the estuary due to the 
construction of the Wolwedans Dam and occasional pulses of nutrient rich water from there have resulted in 
increased colonization by these algae. Decaying mats of macroalgae have been shown to impact adversely on the 
social acceptability of water within the estuary and are often the reason for the artificial breaching of the estuary 
mouth (Allanson and Baird, 1999).  
 
Submerged macrophyte communities within the Great Brak Estuary consisted of Ruppia cirrhosa and Zostera 
capensis. Day (1981) reported that well developed Zostera capensis beds were present in the Great Brak Estuary, 
whereas Heydorn (1979) showed that both Zostera and Ruppia beds were common in the deeper water between 
The Island and the R102. During a survey undertaken in 1981 only small patches of Zostera capensis were found 
in the deeper channels on the north-eastern side of The Island bridge (Morant, 1983). During this study, Ruppia 
cirrhosa was dominant in shallow water inundating salt marsh areas during the closed mouth phase, whereas 
Zostera capensis was dominant in the estuary channel. This trend has been observed in other estuaries. For 
example, Howard-Williams (1980) showed that in the Swartvlei Estuary, where mixed stands of Ruppia and 
Zostera occur, Zostera was found on the channel edges, whereas Ruppia was found in more sheltered areas. 
Ruppia is intolerant of desiccation and therefore does not occur within intertidal areas where it will be exposed 
for long periods of the day (Adams and Bate, 1994). It therefore stands to reason that during closed mouth 
conditions, when water levels are high and the upper and lower salt marsh areas are inundated, Ruppia cirrhosa 
will outcompete Zostera capensis. When the mouth remains closed for extended periods of time and nutrient 
input from surrounding developments accumulates within the estuary due to a lack of flushing, macroalgae will 
outcompete both Ruppia and Zostera through shading. During open mouth conditions when intertidal conditions 
are restored, Ruppia cirrhosa will die-back due to desiccation stress and will therefore be restricted to backwater 
channels and standing pools of water. The change in area over time for macroalgae and submerged macrophytes 
has not been reported on. This is because these species are very dynamic within this estuary and it is difficult to 
distinguish this community type from aerial photographs. In many cases the macroalgae and submerged 
macrophyte habitat overlap. 
 
The total area covered by reeds and sedges in the Great Brak Estuary had increased by 0.15 ha over the past 68 
years. A large section of reeds (0.5 ha) was removed from the upper reaches of the estuary by development 
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activities between 1940 and 2008. Ignoring the loss of this reed bed, one finds that there was actually an increase 
of over 0.65 ha in the estuary itself. Reed and sedge communities usually increase in distribution and cover in 
temporarily open/closed estuaries in response to sedimentation and shallowing of the estuary and/or an increase 
in nutrients (Adams, 2008). In the Siyaya Estuary, extensive siltation, following mismanagement of the 
catchment area and reduced water depth encouraged reed encroachment (Begg, 1978; Weisser and Parsons, 
1981). In the Great Brak Estuary, the construction of the Wolwedans Dam has resulted in reduced flooding and 
consequently scouring of the estuary and therefore an increase in sedimentation has occurred (van Niekerk et al., 
2008). Allanson and Baird (1999) reported that the artificial breaching of the mouth of an estuary when the water 
level is below that when breaching occurs naturally, results in a reduced scour potential. In the long term this 
leads to an accumulation of sediment in the estuary (CSIR, 2003). In the Great Brak Estuary the surface area 
covered by mudbanks has increased significantly (7.15 ha) over the past 68 years, creating a stable environment 
for the colonization by reed and sedge species. Nutrient enrichment by surrounding developments (i.e. septic 
tanks, storm water run-off, fertilized lawns, etc.) may have exacerbated reed encroachment (van Niekerk et al., 
2008). 
 
The total area covered by salt marsh in the Great Brak Estuary has decreased by approximately 68 % over the 
past 68 years, mostly in supratidal and floodplain habitats. These habitats fringe the terrestrial communities and 
are higher and drier than intertidal habitats, making them easier to reclaim for development and agriculture 
(Adams, 2008). Over the past 68 years there has been a substantial increase in development within the Great 
Brak catchment. Even though cultivated areas have decreased by approximately 67 %, there was a significant 
increase in the degraded floodplain (92 %), which includes fallow land and developed areas (60 %).  
 
Spartina alterniflora, never before found within a South African estuary, has invaded the lower intertidal areas 
in the lower reaches of the Great Brak Estuary and currently occupies approximately 0.5 ha. It is a perennial 
rhizomatous grass, native to the Atlantic and Gulf coasts of North America (Qing et al., 2006). This species has 
been declared an invasive in the Pacific coast of North America, Europe, New Zealand and China (Zedler and 
Kercher, 2004; Ayres et al., 2004; Chen et al., 2005; Qing et al., 2006; An et al., 2007). In England, Spartina 
alterniflora hybridized with Spartina maritima to form Spartina townsendii H. & J. Groves (Zedler and Kercher, 
2004). This species is capable of spreading rapidly due to its fertile seeds and its ability to grow vegetatively. It 
grows well on tidal mudbanks that are too frequently inundated for native plants to colonize (Zedler and 
Kercher, 2004). Currently a major concern is that Spartina alterniflora could make its way into other 
permanently open estuaries (via the movement of currents) where Spartina maritima occurs naturally. Spartina 
alterniflora is an extremely aggressive invader and American experts have called for its immediate removal 
(Adams, 2008). 
 
Six of the nine possible plant community types identified by Colloty (2000) occur in the Seekoei Estuary. These 
include: phytoplankton, benthic microalgae, macroalgae, submerged macrophytes, reeds and sedges and 
intertidal sal marsh. Macroalgae e.g. Cladophora sp. was prominent during the study period and colonized areas 
that was previously colonized by salt marsh vegetation that had died back due to extended periods of inundation 
caused by closed mouth conditions. Coastal and Environmental Sciences (2006) showed that during 1990 the 
Seekoei Estuary was characterized by extensive Cladophora beds (14.01 ha), indicating that this is a common 
occurrence within the system. The change in area over time for macroalgae has not been reported on as these 
species are impossible to distinguish from the submerged macrophytes.  
 
Submerged macrophytes within the Seekoei Estuary consisted mainly of Zostera capensis and Ruppia cirrhosa 
(16.7 ha). Zostera capensis is dominant in areas close to the mouth, west of the causeway, where the estuary 
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channel is shallow and there is limited scouring and sedimentary disturbances (Adams and Talbot, 1992). These 
conditions were created by the contruction of the causeway that impedes flow. For this reason, it would be 
expected that prior to the construction of the causeway lower density beds of Zostera capensis would have been 
present. Further upstream where the water channel is deeper, and less saline Zostera capensis occurs in 
conjunction with Ruppia cirrhosa (this study, Coastal and Environmental Services, 2006). 
 
The dominant reed and sedge species present within the Seekoei Estuary is Phragmites australis and Juncus 
kraussii (2.03 ha). These species occur sporadically throughout the estuary and characterize areas of freshwater 
seepage. It is expected that these species within the estuary would have increased due to the extensive residential 
development around the estuary and the subsequent inflow of freshwater and nutrients from septic tanks. 
 
Large areas of intertidal salt marsh are still present within the Seekoei Estuary (12.9 ha), but these are mostly 
confined to the lower reaches. According to Bickerton and Pierce (1988) the causeway permanently raised the 
water level in the upper estuary and destroyed the natural intertidal and supratidal environment. It is therefore 
expected that there would have been a considerable reduction in the area covered by salt marsh vegetation. 
Recently, the causeway has been upgraded with larger culverts, resulting in the estuary being more tidal with 
small functional intertidal areas being established in areas where these were previously absent (Coastal and 
Environmental Services, 2006). The dominant species within the intertidal salt marsh areas consisted of 
Sporobolus virginicus and Sarcocornia perennis. 
 
Seven of the nine possible plant community types identified by Colloty (2000) occur in the East Kleinemonde 
Estuary. These include: phytoplankton, benthic microalgae, macroalgae, submerged macrophytes, reeds and 
sedges, supratidal salt marsh and intertidal salt marsh communities. Turpie et al. (2002) ranked the East 
Kleinemonde Estuary 54
th
 out of 256 South African estuaries in terms of conservation importance.  The estuary 
received a high score for size, habitat diversity and biodiversity. Macroalgae were not prominent within the East 
Kleinmonde Estuary during the study period. However, Riddin and Adams (2008) reported that during closed 
mouth conditions when water levels are high (> 1.5 m above MSL) salt marsh becomes heavily infested with 
macroalgal species such as Cladophora sp. and Enteromorpha sp. 
 
Various species of submerged macrophytes occur within the East Kleinemonde Estuary. These include Ruppia 
cirrhosa, Chara vulgaris L., Halophila ovalis and Potamogeton pectinatis. The dominant species within this 
system is Ruppia cirrhosa, but as the salinity decreases due to freshwater inflow Potamogeton pectinatus 
becomes dominant. Site observations in February 2005 showed that when the mouth is open and the estuary 
tidal, large beds of Chara vulgaris and Ruppia cirrhosa that occupy inundated salt marsh areas, die-back due to 
desiccation. However, under closed mouth conditions observed during November 2004 and May and August 
2005 when high water levels and salt marsh inundation were experienced, large beds of Chara vulgaris 
dominated shallow areas of the estuary that were previously colonized by salt marsh species. This observation 
was later explained in studies done by Riddin and Adams (2008) that showed that during closed mouth 
conditions when the water level is low (< 1.5 m above MSL) Chara vulgaris and Ruppia cirrhosa establish from 
seedbanks in the sediment after an inundation period of 10-18 days. When the water level is high (> 1.5 m above 
MSL) the pioneer species Chara vulgaris and Halophila ovalis are replaced by Ruppia cirrhosa and 
Potamogeton pectinatus (Riddin and Adams, 2008). The change in area over time for submerged macrophytes 
has not been reported on as these species are very dynamic within this system and impossible to map due to the 
water turbidity.  
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The reed and sedge community within the East Kleinemonde Estuary had increased by 91 % (from 0.18 ha to 
2.01 ha) since 1939. Reed and sedge communities usually increase in distribution and cover in temporarily 
open/closed estuaries in response to sedimentation and shallowing of the estuary and/or an increase in nutrients 
(Adams, 2008). Only one major dam, the Wellington Dam, is currently present within the catchment of the 
estuary. It is situated on a tributary of the East Kleinemonde River with a catchment area representing 
approximately 9 % of the total catchment area. Therefore, with only 9% of the total catchment area above the 
dam, the impact on the natural flow, and consequently the sediment dynamics of the estuary, is minimal 
(Hughes, 2008). Badenhorst (1988) stated that the construction of the R72 bridge that crosses the estuary has not 
influenced the rate of sedimentation. However, localized sedimentation is occurring downstream of the bridge on 
the east bank (Riddin and Adams, 2008b). This increase in sedimentation, together with increased freshwater 
run-off from storm water and septic tanks from the Seafield residential area (absent in 1939), could be the cause 
for the increase in reeds and sedges both above and below the R72 bridge. 
 
The salt marsh community within the East Kleinemonde Estuary has increased by 62 % (from 6.58 ha to 17.44 
ha) between 1939 and 2008. Colonization of a sandbank on the western side of the estuary directly upstream of 
the R72 road bridge comprised most of this increase, with Sarcocornia perennis being the dominant species. 
Riddin and Adams (2008) analyzed the seed bank of the East Kleinemonde Estuary.  The salt marsh species with 
the highest number of available seeds in the seed bank was Sarcocornia perennis (18 % of the total seed bank). 
Other salt marsh seeds recorded include a mixture of species such as Salicornia meyeriana and Sporobolus 
virginicus (comprising 3 % of the total seed bank). Trials were done to determine how quickly seeds germinate 
in response to salinity and moisture variations. Sarcocornia perennis germinated after 3 days to a maximum of 
82 %. This indicates that the seed bank of Sarcocornia perennis in the East Kleinemonde Estuary is viable, and 
therefore, together with the relatively high number of these seeds in relation to other salt marsh species, explains 
the increased colonisation of the sandbank on the western side of the estuary. The area covered by sandbanks has 
decreased by 5.61 ha, mainly due to the colonization of these areas by reeds and sedges and salt marsh 
vegetation. 
 
Three of the nine possible plant community types identified by Colloty (2000) have been recorded in the Mngazi 
Estuary. These include phytoplankton, benthic microalgae and reeds and sedges. Turpie et al. (2002) ranked the 
Mngazi Estuary 139
th
 out of 256 South African estuaries in terms of conservation importance.  The estuary 
received a relatively high score for size but a low score for habitat diversity and biodiversity. 
 
No macroalgal species were observed within the Mngazi Estuary during the study period and their presence has 
not been recorded in the literature. Early aerial photography (1938) shows the occurrence of submerged 
macrophyte patches on the western and eastern side of the Mngazi Estuary. There is no published record of 
submerged macrophytes in this estuary; however, observations of a small patch of Zostera capensis were made 
during this study in an area corresponding with the south-western patch shown in Figure 5-9. Large beds of 
Zostera capensis occur in various estuaries nearby the Mngazi Estuary. Based on explanations of dispersal of 
seagrass by Fong (1998), it is probable that Zostera capensis colonised in the Mngazi Estuary either by seeds 
with floating flowering shoots that were transported by currents (Fong, 1998; Flindt et al., 1997; Fong, 2000) or 
birds (Fong, 1998; Fong, 2000). Fong (2000) explains that flowering shoots may be dislodged by disturbance, 
such as storms or the burrowing activities of crustaceans, and may stay afloat for a long distance. New colonies 
may be formed if the seeds released from the detached flowering shoots encounter a suitable environment during 
drift (Fong, 2000). Egrets are listed as possible seed dispersal agents, where seeds accidentally eaten by these 
birds in mudflats may be dispersed in faeces at distances far away from the source (up to 40 km). The dispersal 
ability of egrets has been evidenced in an analysis of gene flow among seagrass populations in different areas, 
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and the connectivity observed between locally fragmented habitats (Fong, 1998). This shows that a seed source 
and the dispersal mechanisms necessary for the establishment of Zostera capensis in the Mngazi Estuary are 
available; however, whether the habitat and associated physico-chemical attributes of the estuary are suitable for 
long-term establishment of these beds is questionable.  
 
The absence of permanent submerged macrophyte beds within the Mngazi Estuary can potentially be explained 
by a reduced/temporary intertidal habitat and high turbidity levels. The mouth of the Mngazi Estuary is 
predominantly open, however, the narrow mouth is separated from the sea by a wide sand barrier which in turn 
limits the influence of the sea on the estuary. Under low river flow conditions, the estuary flows over a rocky sill 
on the east bank before entering the sea (Mbande et al., 2005). This sill is perched and as a result tidal amplitude 
is reduced even further. During maximum berm development, tidal flows might fail to reach the estuary even 
though an outflow channel is present (Harrison et al., 1998). This implies that the Mngazi Estuary has a 
reduced/temporary intertidal habitat. Various authors have shown that an increase in turbidity adversely affects 
the distribution of Zostera capensis (Edwards, 1969; Day, 1981; Adams and Talbot, 1992; Cyrus et al., 2008). 
Studies documenting high turbidity levels in the Mngazi Estuary (i.e. this study) where turbidity levels of 30-120 
NTU were recorded and Adams (2000) recorded turbidity values of 10-120 NTU. Zostera capensis were absent 
during these conditions. It is probable that Zostera capensis may be able to establish within the Mngazi Estuary 
during low flow conditions when the mouth is closed and turbidity is low (the patch of Z. capensis observed in 
this study was recorded under closed mouth conditions). However, the limited intertidal habitat and high 
turbidity within the estuary ensure that the colonization by Zostera capensis is only temporary.  
 
An isolated small patch (1 m
2
) of Sarcocornia perennis was observed during both sampling sessions in this 
study. Sarcocornia perennis is a primary coloniser species within estuaries and its seeds are highly fertile 
(Riddin and Adams, 2008). Dispersal of salt marsh seeds by tidal currents is suggested by various authors as the 
main dispersal pathway as seeds are able to float in the water column (Davy et al., 2006). It is likely that seeds of 
Sarcocornia perennis from nearby estuaries are carried to the Mngazi Estuary by tidal currents.  
 
Reeds and sedges within the Mngazi Estuary have decreased between 1938 and 2005 by approximately 6.8 ha. 
This loss can be attributed primarily to direct harvesting for resource utilisation (Adams, 2000). Reed harvesting 
is an important cultural and economic resource for the local community. Traynor (2008) studied the harvesting 
of Juncus kraussii by the local community in the Umlalazi Nature Reserve and found that these reeds are an 
important component of the community‟s cultural lifestyle and income (Juncus kraussii is traded with 97 % of 
the income generated from craft products, and 3 % from the sale of raw materials) (Traynor, 2008). 
 
Xanthium spinosum is a Category 1 invader and was the first species to be declared a noxious weed in South 
Africa in 1860. This species has been shown to invade croplands, overgrazed pastures and riverbanks 
(Henderson, 2001). An island in the upper reaches of the Mngazi Estuary was colonised by X. spinosum after a 
flood event in 2005.  Burs of the invader could either have been brought to the island by cattle that graze on the 
banks of the estuary and/or by flooding from upstream areas.  The establishment of X. spinosum on the island 
was possible because the surface water (upper 0.5 m) was fresh for some time after the flood. When the mouth 
closes and salinity increases, it is likely that this species will die-back. The occurrence of this invader along 
riverbanks upstream of the estuary must be closely monitored because of its known invasive ability; however, 
within the estuary itself, the species should not pose a problem because of its intolerance to increased salinity 
(above 0 PSU). 
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5.4.2 Zonation Patterns 
The distribution of salt marsh species is mainly determined by specific environmental habitats associated with 
periods of tidal inundation and salinity (Adams et al., 1999). In permanently open estuaries where there is a large 
intertidal range, zonation tends to be better developed. Where small tidal ranges occur, vegetation forms mosaic 
patterns rather than definite zonation bands (Adams et al., 1999). O‟Callaghan (1990) identified two types of salt 
marsh communities in Cape estuaries namely, those associated with estuaries where tidal exchange 
predominates, i.e. permanently open estuaries and those associated with estuaries that are predominantly closed, 
i.e. temporarily open/closed estuaries. 
 
Changes in vegetation cover and sediment conditions were measured in four temporarily open/closed estuaries to 
obtain a better understanding on whether the same environmental variables that affect species distribution in 
permanently open estuaries affect species distribution in temporarily open/closed estuaries. Environmental 
variables influencing species distribution were similar for both estuaries and included distance from the estuary 
channel, elevation, groundwater electrical conductivity, sediment electrical conductivity, depth to groundwater, 
percentage silt fraction in the sediment and sediment moisture and organic content. During closed mouth 
conditions, when water levels are high, salt marsh species become inundated and die-back. This in turn provides 
calm and sheltered habitats for the growth of submerged macroalgae that colonise these areas. Riddin and 
Adams (2008) showed that submerged macrophytes establish from sediment seed banks after inundation periods 
of only 10-18 days and a water depth of as little as 10 cm. When the mouth opens and the water level decreases, 
submerged macrophytes die-back and the salt marsh species start to recover. Riddin and Adams (2008) showed 
that in the East Kleinemonde Estuary seedling emergence of Sarcocornia perennis occurred a week after a 
mouth opening event. Submerged macrophytes within this system are absent when the mouth of the estuary is 
open due to substrate instability, high water velocity and high turbidity (Riddin and Adams, 2008). This trend 
was observed in three of the temporarily open/closed estuaries sampled (Great Brak, East Kleinemonde and 
Seekoei estuaries). 
 
An increase in mouth closure, due to reduced freshwater input resulting in prolonged inundation of salt marsh 
species may inhibit leaf growth, stem extension, photosynthesis, senescence and plant productivity (Adams, 
2008). Prolonged mouth closure may also result in a shift in the community structure of the estuary, for example 
where tidal influence stops, as in estuaries that are closed for long periods, salt marsh areas are often colonised 
by other species such as reeds and sedges, which tolerate fresher and more inundated conditions (Adams, 2008). 
During this study, Cotula coronopifolia was present in the Great Brak Estuary (Transect B) in December 2004 
but absent in October 2005. Adams (2008) showed in 1989, before the construction of the Wolwedans Dam, 
average cover for this species was 52.7 %. After the construction of the dam in May 1990, there has been a 
consistent decrease in its occurrence and cover over time, i.e. 1991 (11.3 %), 1992 (13 %) and thereafter, if it 
occurred, cover was always less than 6 %. It is probable that this species cannot tolerate fluctuating water levels 
and high salinity within the Great Brak Estuary and has therefore been replaced by more resilient species, such 
as Phragmites australis and Sporobolus virginicus (Adams, 2008).   
 
The supratidal salt marsh species, Sarcocornia pillansii, as well as the upper intertidal salt marsh species 
(Sarcocornia decumbens, Bassia diffusa and Sporobolus virginicus) were associated with high elevation and 
deep water tables. Similar results were found and are discussed for permanently open estuaries (Chapter 4).             
 
The lower intertidal salt marsh and reeds and sedges did not respond to various environmental variables as a 
group but rather as individual species. Sarcocornia perennis, Limonium linifolium and Juncus kraussii were 
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strongly associated with an increase in the percentage silt fraction of the sediment and reduced percentage sand 
fraction of the sediment.  Vance et al. (2003) showed that plants in artificial sediment mixtures grew less well 
than plants in natural salt marsh sediment. They attributed this difference to the coarser texture (60 % sand) and 
reduced organic content (1.5 %) of the artificial mixtures compared to natural marsh soils (20 % sand and 3 % 
organic matter). Howard-Williams (1980) showed that growth of both Spartina alterniflora and Distichlis 
spicata was much greater on fine textured sediments than on sand due to higher organic content and therefore 
higher nitrogen and phosphorus concentrations of the fine-textures sediments. Sandy soil retains both water and 
nutrients less effectively than do fine-grained natural soils (Smart and Barko, 1978; Barko and Smart, 1986). 
Most salt marsh plant species are adapted to this and soil with low organic content deprives plants of a supply of 
nutrients from ongoing organic decomposition (Vance et al., 2003). Lin et al. (1999), in an experiment 
concerning oil pollution, found that Spartina alterniflora growing in sandy soil responded most strongly to 
nutrient addition, probably because those growing in finer grained soils had already experienced a better natural 
nutrient supply. These results are consistent with Padgett and Brown‟s (1999) finding that Spartina alterniflora 
in sandy soil grows better if the soil is enriched with peat. 
 
Salicornia meyeriana was associated with high sediment- and groundwater electrical conductivity and low 
sediment organic content, whereas the reverse was true for Disphyma crassifolium, Limonium scabrum and 
Cotula coronopifolia. Salicornia meyeriana is an opportunistic halophyte and various authors have described its 
tolerance to hypersaline conditions (Shumway and Bertness, 1992; Allison, 1992; Khan et al., 2000). During this 
study Salicornia meyeriana was also present in hypersaline habitats in the permanently open estuaries (i.e. 
Kromme Estuary).   
 
Spartina alterniflora within the Great Brak Estuary was associated with high groundwater electrical 
conductivity. Smart and Barko (1980) showed that the growth of Spartina alterniflora was affected by sediment 
salinity. Analysis of plant tissue and interstitial water showed the selective uptake of potassium, and the 
exclusion of sodium, by these plants. This process results in an increased ratio of potassium to sodium thereby 
increasing sediment salinity (Smart and Barko, 1980).  
 
In summary, supratidal salt marsh species within temporarily open/closed estuaries respond to the same 
environmental variables as those in permanently open estuaries. Intertidal salt marsh and reed and sedge 
communities, however, respond to environmental variables on a species level and are therefore better indicators 
of physico-chemical factors in temporarily open/closed estuaries. This study also shows that water level and 
sediment- and groundwater electrical conductivity are important factors in the distribution of salt marsh species 
within both permanently and temporarily open/closed estuaries.  
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Chapter 6: The relationship between macrophytes and 
environmental factors in the Orange River Estuary. 
6.1 Introduction 
The Orange River Estuary was designated as a Ramsar site on 28 June 1991 (Cowan, 1995). A large floodplain 
that was historically covered with salt marsh vegetation is located on the south bank of the Orange River Estuary 
(Bornman et al., 2004b). Approximately 70 ha of this floodplain salt marsh has been lost due to anthropogenic 
impacts. The Orange River Estuary Ramsar site was placed on the Montreux Record on 26 September 1995 as a 
result of the belated recognition of the severely degraded state of the salt marsh on the south bank (CSIR, 2001). 
The Montreux Record is a register of wetland sites on the List of Wetlands of International Importance where 
changes in ecological character have occurred, are occurring or are likely to occur as a result of technological 
developments, pollution or other human interference (Shaw, 2007). This implies that the Orange River Estuary 
may lose its status as a Ramsar site unless the condition of the salt marsh can be restored (Taljaard et al., 2003). 
South Africa is now obliged, as a signatory of the Convention, to ensure that the ecological character of the 
Orange River Estuary floodplain is restored (Bornman et al., 2004b). Rehabilitation of the Orange River Estuary 
was first initiated in 1997 through the removal of a section of the causeway near the mouth of the river, that 
allowed water to permanently return to a section of the desertified marsh. This in turn resulted in the 
colonization of the area by the intertidal salt marsh species, Cotula coronopifolia, and the supratidal species, 
Sarcocornia pillansii (Shaw, 2007). The Orange River Estuary was included as a study site as it is degraded and 
represents extreme conditions experienced by estuarine macrophytes. 
 
The objectives of this study were: 
1. To quantify from aerial photographs the extent of the desertified marsh within the floodplain of the 
Orange River Estuary; 
2. To document the present distribution of macrophytes in  relation to physico-chemical factors; and 
3. To establish the limiting factors for the rehabilitation of the salt marsh by comparing desertified with 
vegetated areas. 
6.2 Methods and Materials 
6.2.1 Vegetation Analysis 
Sampling was conducted during two field trips to the Orange River Estuary. During the first site visit (March 
2004) two transects were set up. Transect 1 extended from a barren open area to an area where the intertidal salt 
marsh has recovered (Figure 6-2). Transect 2 covered the entire width of the marsh from intact vegetation on the 
north side of the causeway, to the gravel road which leads to the sea (Figure 6-2). During the second site visit 
(August 2004) a third transect was set up and extended from the boat launch site on the Orange River across the 
causeway to the gravel road that leads to the sea (Figure 6-2). The profile and elevation above mean sea level for 
each transect was determined using a theodolite (Sokkisha TM 6). Vegetation changes were analysed by 
determining the percentage cover in two duplicate permanent quadrats (1 m
2
) located every 20 m along the 
transects. The patchiness of the vegetation in the Orange River Estuary necessitated the use of random quadrats 
to establish a more accurate assessment of the percentage cover, species richness and diversity along each 
transect. Therefore, in addition to the permanent quadrats, four random quadrats (using a random number table) 
were located around the permanent quadrats (within a radius of 10 m) and the percentage cover determined in 
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each. The permanent quadrats were used to determine whether seasonal changes in vegetation cover were 
occurring. Vegetation cover was measured in summer (March 2004) and winter (August 2004). Global 
Positioning System (GPS) coordinates at the first and last markers in each transect were recorded and is 
available in Appendix 2. 
6.2.2 Sediment Analysis 
During each field trip, sediment samples were collected in three zones along each transect. Zones were were 
based on observations of coarse changes in species composition. At each zone, three replicate samples were 
collected from three depths, i.e. 0 – 0.05, 0.05 – 0.15 and 1.0 –1.2 m. Samples were sealed and transported to the 
laboratory for analyses of sediment moisture content (Black, 1965), sediment organic content (Briggs, 1977), 
sediment electrical conductivity (Barnard, 1990) and sediment particle size (Gee and Bauder, 1986) (Full 
methods are given in Chapter 4).  
6.2.3 Water Table Analysis 
Bornman et al. (2002) showed groundwater as a source of moisture for floodplain and supratidal salt marsh 
vegetation along the west coast of South Africa. Depth to the water table and groundwater electrical conductivity 
data were measured to determine their influence on the distribution of the salt marsh plants. Replicate boreholes 
were hand augered to below the water table. The groundwater was allowed to stabilize, after which depth to the 
water table was determined using a graduated stick. Groundwater electrical conductivity was measured using an 
YSI 30M/10FT hand held conductivity meter. During the site visits 109 boreholes (23 during summer and 86 
during winter) were sunk at regular intervals along 9 transects across the desertified floodplain. Boreholes were 
augured manually to a maximum depth of 2 m. These were left to stabilise for 2 days before monitoring. 
Groundwater electrical conductivity, was recorded using an YSI 30M/10 FT handheld conductivity meter. Depth 
to the water table was determined using a graduated meter stick. 
6.2.4 Water Potential Analysis 
Sediment and tissue water potential (Ψ) measurements of the dominant macrophyte, Sarcocornia pillansii, were 
made using a WP4 Dewpoint Potential Meter (Decagon Devices, Inc.). All measurements were made in a field 
laboratory immediately after sampling. Three replicate sediment samples were collected from the same three 
depths as used for determination of environmental variables (i.e. sediment moisture content, sediment organic 
content, etc.). Plant tissue samples were collected and Ψ measured immediately according to the 
recommendations set out by the manufacturers of the WP4. The cuticle of the plant material was washed with 
deionised water and abraded with fine sand paper (600 grit). After drying the leaf surface, plant material was 
placed in a cup. The equilibration time for the leaf tissue of Sarcocornia pillansii was 20 minutes.  
6.2.5 Statistical Analysis 
The seasonal species and environmental data for the Orange River Estuary were analysed using CANOCO for 
Windows (version 4.52, 2003). Canonical Correspondence Analysis (CCA) was used to obtain an ordination of 
the vegetation data constrained by environmental variables. Monte Carlo permutation tests (999 permutations) 
were performed to assess the significance of the canonical axis showing the relationship between species and the 
selected environmental variables. The result of the CCA was plotted as a two-dimensional graph using 
CANODRAW for windows (version 4.12, 2003). The environmental variables were plotted as arrows 
originating from the center of the graph. The origin represents the mean value of each separate variable and the 
 166 
direction of the arrow line represents an increase in the value of that particular variable. The length of the 
environmental arrow indicates the importance of the variable and is equal to the multiple correlation of the 
variable with the displayed ordination axes. Statistical results were displayed in a table below each CCA 
ordination diagram (ter Braak and Šmilauer, 2002). Correlation analysis for the data set for the Orange River 
Estuary were run, using Statistica (Version 6, 2002), on all variables tested at all sites over both sampling 
periods. Variables included in the analysis were: depth below the sediment surface (sediment samples were 
collected along three depths); percentage sediment moisture; sediment electrical conductivity; percentage 
sediment organic content; percentage sand fraction of the sediment; percentage silt fraction of the sediment; 
percentage clay fraction of the sediment; depth to groundwater, water potential, groundwater pH, groundwater 
electrical conductivity and percentage vegetation cover. 
 
One-way ANOVAs were used to determine significant differences among means. When a significant difference 
was found, a post hoc comparison of means was run using Tukey‟s Honest Significant Difference test to 
determine differences between individual means. All ANOVAs and correlation statistical analyses were run 
using Statistica (version 6, 2002), StatSoft, Inc. 
 
Spatial and groundwater data were analysed statistically using kriging methods in ArcGIS™ Geostatistical 
Analyst (ESRI® ArcMap™ 8.3). Kriging is a linear interpolation procedure, which provides estimates at non-
sampled sites using a best linear unbiased estimator for quantities that vary in space.   
6.3 Results 
6.3.1 Rainfall 
The mean monthly rainfall for the year 2004 as well as over a 63 year period for the Alexander Bay area is given 
in Figure 6-1. According to the data collected by the South African Weather Services, the study area received 
below average rainfall during 2004 (3.8 ± 1.6 mm) (mean annual rainfall from 1940-2003 was 4 ± 0.5 mm). 
 
 
  
 
 
 
 
 
 
 
 
 Figure 6-1: Mean monthly rainfall for the Alexander Bay area (1940-2004). 
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6.3.2 Vegetation Mapping 
Figure 6-2 shows the extent of the desertified marsh in the Orange River Estuary floodplain. Approximately 70 
ha of salt marsh have been lost through bad management practices. 
 
 Figure 6-2: Vegetation distribution in the Orange River Estuary in 1997.  
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6.3.3 Transect Data 
Transect 1 in the Orange River Estuary extended for 460 m parallel to the causeway in an area where the 
causeway had been breached. The transect extended from a barren open area to an area where the salt marsh had 
recovered (Figure 6-2). During summer (March 2004), Sarcocornia pillansii and Sporobolus virginicus were 
dominant for the first 80 m of the transect (Figure 6-3). Triglochin striata, Lycium tetrandum, Salsola zeyheri 
and Atriplex semibaccata R. Br. were present but with a low cover abundance. A shallow water channel occurred 
between 80 and 100 m which encouraged the presence of the intertidal salt marsh species (Plate 6-1) Cotula 
coronopifolia and Sarcocornia perennis.  The remainder of the transect consisted of bare ground with the 
sporadic occurrence of Sarcocornia pillansii (Plate 6-2).  
 
During winter (August, 2004) the percentage cover of the dominant supratidal salt marsh species (Sarcocornia 
pillansii and Sporobolus virginicus) remained relatively unchanged (Figure 6-4). Between 80 and 160 m there 
was a considerable increase in cover abundance of Cotula coronopifolia.  The remainder of the transect 
consisted of bare ground with the sporadic occurrence of Sarcocornia pillansii.  
 
 
 Plate 6-1: The intertidal salt marsh species, Cotula coronopifolia present next to a 
shallow water channel at the Orange River Estuary. 
 
 Plate 6-2: Bare ground with the sporadic occurrence of Sarcocornia pillansii. 
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 Figure 6-3: Kite diagram showing the distribution of vegetation along Transect 1 in the 
Orange River Estuary during summer (full species names are available in Appendix 1). 
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 Figure 6-4: Kite diagram showing the distribution of vegetation along Transect 1 in the 
Orange River Estuary during winter (full species names are available in Appendix 1). 
Transect 2 extended for 2000 m perpendicular to the causeway. It covered the entire width of the marsh from 
intact vegetation on the north side of the causeway across the causeway through barren land (Plate 6-3) on the 
south side of the causeway, and on to the gravel road that leads to the sea. During summer (March 2004), the 
first 200 m of the transect (north of the causeway) consisted of intact vegetation (Plate 6-4) with Sarcocornia 
pillansii and Sporobolus virginicus the dominant species (Figure 6-5). The remainder of the transect (south of 
the causeway) consisted of bare ground with the sporadic occurrence of supratidal salt marsh species (Lycium 
tetrandrum, Psilocaulon dinteri (Engl.) Schwantes, Sarcocornia pillansii, Schoenoplectus lacustris (L.) Palla 
and Suadea fruticosa).   
 
During winter (August, 2004) the percentage cover of the dominant supratidal salt marsh species (Sarcocornia 
pillansii and Sporobolus virginicus) remained relatively unchanged (Figure 6-6). The remainder of the transect 
consisted of bare ground with the sporadic occurrence of Sarcocornia pillansii. There was a decrease in species 
diversity on the portion of the transect south of the causeway. This may be attributed to the initial low cover of 
these species and, since random quadrats were used in determining the percentage vegetation cover, some 
species may have been excluded as a result. 
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 Plate 6-3: Desertified floodplain on the south side of the causeway. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Plate 6-4: Intact vegetation on the north side of the causeway. 
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 Figure 6-5: Kite diagram showing the distribution of vegetation along Transect 2 in the 
Orange River Estuary during summer (full species names are available in Appendix 1). 
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 Figure 6-6: Kite diagram showing the distribution of vegetation along Transect 2 in the 
Orange River Estuary during summer (full species names are available in Appendix 1). 
During the second (winter) field trip (1 – 6 August 2004) a third transect was set up perpendicular to the 
causeway. Transect 3 (780 m in length) extended from the boat launch site on the Orange River across the 
causeway to the gravel road that leads to the sea. The first 120 m of the transect (north of the causeway) 
consisted of intact vegetation with Sarcocornia pillansii the dominant and Sporobolus virginicus the 
subdominant salt marsh species (Plate 6-5; Figure 7) Between 120 and 700 m the transect was completely devoid 
of vegetation. The remainder of the transect consisted of Sarcocornia pillansii interspersed with bare ground.   
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 Plate 6-5: Sarcocornia pillansii is the dominant floodplain species at the Orange River 
Estuary. 
 
 Figure 6-7: Kite diagram showing the distribution of vegetation along Transect 3 in the 
Orange River Estuary during winter (full species names are available in Appendix 1). 
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6.3.4 Sediment Analysis 
Sediment moisture content was high during both sampling periods (combined average for summer and winter = 
11.5 ± 0.3 %, n = 56) (Figure 6-8). There was no significant difference (p > 0.05) in percentage sediment 
moisture content between vegetated and desertified areas of the Orange River Estuary. Both vegetated and 
desertified areas showed no significant difference (p > 0.05) in percentage sediment moisture content between 
soil depths or seasons. 
 
 
 Figure 6-8: Sediment moisture content of the vegetated and desertified floodplain 
during summer and winter. 
Sediment organic content was low during both sampling periods (combined average for summer and winter = 
2.4 ± 0.1 %, n = 56) (Figure 6-9). Percentage sediment organic content was significantly (p < 0.05) higher in the 
desertified marsh than in the vegetated areas during both summer and winter. In both the desertified marsh and 
the vegetated areas there was no significant difference (p > 0.05) in percentage sediment organic content  found 
between sediment depths. 
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 Figure 6-9: Sediment organic content of the vegetated and desertified floodplain during 
summer and winter. 
The sediment of the Orange River Estuary floodplain was hypersaline (combined average for summer and winter 
= 50.7 ± 1.90 mS cm
-1
, n = 56) (Figure 6-10). Surface sediment electrical conductivity was significantly (p < 
0.05) higher in the desertified marsh than in the vegetated areas during both summer and winter. In both the 
desertified marsh and the vegetated areas there was no significant difference (p > 0.05) in sediment electrical 
conductivity found between the remaining sediment depths. 
 
 Figure 6-10: Sediment electrical conductivity of the vegetated and desertified floodplain 
during summer and winter. 
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The percentage sand fraction of the sediment was high during both sampling periods (combined average for 
summer and winter = 51.2 ± 4.3 %, n = 56) (Figure 6-11). There was no significant difference (p > 0.05) in 
percentage sand fraction of the sediment between vegetated and desertified areas. Both the vegetated and 
desertified areas showed no significant difference (p > 0.05) in percentage sand fraction of the sediment between 
soil depths or seasons.  
 
 Figure 6-11: Percentage sand fraction of the sediment of the vegetated and desertified 
floodplain during summer and winter. 
The percentage clay fraction of the sediment was low during both sampling periods (combined average for 
summer and winter = 30.6 ± 1.9 %, n = 56) (Figure 6-12). There was no significant difference (p > 0.05) in 
percentage clay fraction of the sediment between vegetated and desertified areas between sediment depths. There 
was however a significant difference (p < 0.01) between summer and winter in desertified areas. 
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 Figure 6-12: Percentage clay fraction of the sediment of the vegetated and desertified 
floodplain during summer and winter. 
The percentage silt fraction of the sediment was low during both sampling periods (combined average for 
summer and winter = 23.9 ± 3.1 %, n = 56) (Figure 6-13). There was no significant difference (p > 0.05) in 
percentage silt fraction of the sediment between vegetated and desertified areas between sediment depths. There 
was, however, a significant difference (p < 0.05) between summer and winter in vegetated areas. 
 
 
 Figure 6-13: Percentage silt fraction of the sediment of the vegetated and desertified 
floodplain during summer and winter. 
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6.3.5 Groundwater Analysis 
The groundwater of the Orange River Estuary floodplain was hypersaline (combined average for summer and 
winter = 79.3 ± 6.9 mS.cm
-1
, n = 45) (Figure 6-14). Groundwater electrical conductivity was significantly (p < 
0.05) higher in the desertified marsh than in the vegetated areas during both summer and winter.  
 
 
 Figure 6-14: Groundwater electrical conductivity of the vegetated and desertified 
floodplain during summer and winter. 
Most of the groundwater in the central and southern portion of the floodplain had an electrical conductivity 
higher than 80 mS.cm
-1
 (Figure 6-15). The groundwater electrical conductivity increased from relatively fresh in 
the north to hypersaline in the south of the floodplain.  
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 Figure 6-15: Interpolated surface plot of groundwater electrical conductivity of the 
desertified floodplain. 
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The depth to the water table of the Orange River Estuary floodplain is relatively shallow (combined average for 
summer and winter = 0.65 ± 0.1m, n = 54) (Figure 6-16). There was no significant difference (p > 0.05) in the 
depth to the water table between vegetated and desertified areas or in the depth to the water table found between 
seasons.  
 
 
 Figure 6-16: Depth to the water table of the vegetated and desertified floodplain during 
summer and winter. 
At the Orange River Estuary the depth to the water table was generally less than 1 m (Figure 6-17). The greatest 
depth to the water table was in the north-west corner of the desertified marsh. The depth to the water table 
decreased from the north to the south and from the west to the east.   
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 Figure 6-17: Interpolated surface plot of depth to the water table on the desertified 
floodplain. 
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6.3.6 Water Potential 
The water potential (Ψ) of the sediment and the plant tissue was relatively low during both sampling periods 
(Figure 6-18). There was a significant difference (p < 0.01) in the water potential recorded between vegetated 
areas and the desertified marsh. The water potential of the sediment for the surface layer was significantly lower 
(p < 0.05) than that of the deeper sediment layers during both summer and winter. The average water potential of 
the plant tissue recorded during the study was -7.5 MPa (± 0.4, n = 16). No significant difference (p > 0.05) in 
plant water potential was recorded between seasons. 
 
 
 Figure 6-18: Sediment and tissue water potential for the vegetated and the desertified 
floodplain during summer and winter. 
6.3.7 The Influence of Environmental Variables on Vegetation Distribution 
The numerical results of the Canonical Correspondence Analysis (CCA) (Figure 6-19) are shown in the table 
(Table 5-1) below the ordination diagram for the Orange River Estuary. A Monte Carlo permutation test of the 
trace (sum of eigenvalues of all canonical axis; 999 permutations) showed that vegetation distribution was 
significantly affected by elevation (p < 0.01), groundwater electrical conductivity (p < 0.01), sediment moisture 
content (p < 0.01), percentage sand fraction of the sediment (p < 0.01), depth to the water table (p < 0.05), and 
sediment electrical conductivity (p < 0.05).  
 
The first canonical axis (horizontal) described 53 % of the variation of the species – environment relation. This 
axis was negatively correlated with sediment moisture content (-0.31), sediment organic content (-0.35), 
groundwater electrical conductivity (-0.38) and sediment electrical conductivity (-0.46) and positively correlated 
with depth to the groundwater (0.34) and elevation (0.04).  
 
The ordination diagram indicated that the supratidal salt marsh species, Sarcocornia pillansii and Salsola 
zeyheri, were associated with an increase in elevation. Phragmites australis and Sporobolus virginicus were 
associated with low sediment electrical conductivity and sediment organic content. The desertified marsh (bare 
ground) was associated with high groundwater electrical conductivity. The intertidal salt marsh species, Cotula 
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coronopifolia, was associated with sediment that had a high percentage silt fraction and a lower than average 
percentage sand fraction. Bare ground was associated with a higher than average groundwater and sediment 
electrical conductivity and sediment moisture and organic content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 6-19: CCA of seasonal species and environmental data for the Orange River 
Estuary. 
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 Table 6-1: Summary of CCA of seasonal species and environmental data for the Orange 
River Estuary (p = 0.001). 
 Axis 1 Axis 2 Axis 3 Axis 4 Total Inertia 
Eigenvalues 0.603 0.275 0.209 0.047 2.003 
Species-environment correlation 0.845 0.776 0.717 0.478  
Cumulative percentage variance      
of species data 30.1 43.8 54.2 56.5  
of species-environment relation 52.5 76.4 94.5 98.6  
Sum of all unconstrained eigenvalues     2.003 
Sum of all canonical values     1.149 
 
6.3.8 Correlation Analysis 
Only a few of the correlations were significant (p < 0.05) and these correlations were not very strong. In the 
Orange River Estuary (Table 6-2), the percentage vegetation cover decreased with an increase in sediment and 
groundwater electrical conductivity. Sediment- and groundwater electrical conductivity were also positively 
correlated with each other, i.e. the higher the groundwater salinity, the higher the soil salinity. An increase in 
both groundwater- and sediment electrical conductivity resulted in a decrease in the water potential of the 
sediment (i.e. more negative). When there was an increase in the sediment organic content and percentage silt 
and clay fractions there was an increase in sediment moisture content. With an increase in depth below the 
surface sediment the percentage silt fraction decreased the water potential increased and the sediment moisture 
content increased. The deeper the water table, the higher the percentage clay fraction of the sediment, and the 
lower the sediment moisture content, percentage silt and sand fractions and groundwater electrical conductivity.  
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 Table 6-2: Correlations among physico-chemical variables for the Orange River Estuary over the 2 sampling periods. 
(Percentage sediment moisture content (% Moist), percentage sediment organic content (% OC), sediment electrical 
conductivity (EC), percentage clay fraction of the sediment (% Clay), percentage sand fraction of the sediment (% Sand), 
percentage silt fraction of the sediment (% Silt), groundwater electrical conductivity (GWEC), depth to groundwater (GW 
Depth), water potential (WP), groundwater pH (GW pH), percentage vegetation cover (veg) and depth below sediment 
surface (Depth). Significant correlations, Spearman r, are those for p < 0.05; n = 103). Values denoted in blue refer to 
positive correlations, whereas values denoted in red refer to negative correlations.  
 
 % Moist % OC EC % Clay % Sand % Silt GWEC GW Depth WP GW pH Veg Depth 
% Moist -            
% OC 0.41 -           
EC N/S 0.56 -          
% Clay -0.36 N/S  -0.25 -         
% Sand 0.23 N/S N/S -0.89 -        
% Silt 0.26 0.60 0.54 -0.20 -0.28 -       
GWEC 0.41 0.54 0.48 -0.20 N/S 0.69 -      
GW Depth -0.50 N/S N/S 0.37 -0.26 -0.21 -0.25 -     
WP N/S -0.43 -0.64 N/S N/S -0.47 -0.34 N/S -    
GW pH N/S N/S N/S N/S N/S N/S -0.23 N/S N/S -   
Vegetation -0.53 -0.35 -0.52 0.22 N/S -0.60 -0.80 N/S 0.35 N/S -  
Depth 0.30 N/S N/S N/S N/S -0.31 N/S N/S 0.49 0.32 N/S - 
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6.4 Discussion 
The natural flow regime of the Orange River was characterized by strong floods that were associated with high 
rainfall (summer), followed by periods of very low flow during winter. The Orange River Estuary periodically 
closed prior to river flow regulation, due to the action of longshore movement of beach sands and settling out of 
river sediments at the mouth. Closed mouth conditions caused backflooding of the salt marsh with relatively 
freshwater, which prevented the development of hypersaline sediment conditions in the floodplain (Allanson and 
Baird, 1999; Bornman et al., 2005; Shaw, 2007). 
 
Various anthropogenic influences resulted in the extensive loss of the salt marsh within this system. In 1929 the 
salt marsh vegetation started to decline due to reduced backflooding caused by the mouth being kept 
permanently open by artificial means (Allanson and Baird, 1999). During the 1960‟s a beach access road 
(causeway) was constructed across the floodplain, preventing tidal exchange and consequently freshwater 
flushing (Shaw et al., 2008). In 1988 a large flood breached the embankments of the river. However, the 
causeway prevented the floodwater from draining and the marsh was inundated with water. The beach berm was 
breached to allow the floodwater to drain, and remained open, thereby allowing seawater to enter the floodplain 
and cause an increase in the sediment- and groundwater salinity. The combined effects of increased water levels, 
increased salinity and scouring of the vegetation by floodwater resulted in the net loss of 90 % of the salt marsh 
(Bornman et al., 2005; Shaw et al., 2008). In 1993 the mouth of the Orange River closed and backflooding 
occurred. This event would have reduced the salinity but since there was no way for the water to drain, 
evaporation further concentrated salts on the floodplain (Bornman et al., 2005).  
 
The sediment characteristics within vegetated areas and the desertified marsh were studied to establish whether 
or not the desertified marsh could be successfully rehabilitated. Sediment moisture content was high during both 
sampling periods and there was no significant difference between vegetated areas and the desertified marsh. The 
average annual precipitation at the Orange River Estuary is low (approximately 40 mm per annum). The fact that 
the surface soils of the salt marsh are always moist, even in summer, indicates that capillary movement of water 
between the hypersaline surface sediment and the saline groundwater might be a source of water in the upper 
layers (Bornman et al., 2004b). Sediment organic content was low during both sampling periods, with organic 
content significantly higher in the desertified marsh than in the vegetated areas. The die-back of large stands of 
salt marsh vegetation may have contributed to the higher values in the desertified marsh.  
  
The sand fraction of the sediment was relatively high during both sampling periods, whereas the silt and clay 
fractions were relatively low. There was a significant difference in the clay and silt fractions of the sediment 
between summer and winter. Strong winds are a dominant element of the climate along the west coast of 
Southern Africa. The presence of vegetation disrupts wind flow and thereby reduces sediment transport. In the 
desertified marsh, however, long periods of strong winds allow for large amounts of sediment to be scoured and 
transported along the floodplain of the Orange River Estuary (Shaw, 2007). This would also influence sediment 
composition. 
 
The sediment and groundwater of the Orange River Estuary floodplain was hypersaline (up to 105 mS.cm
-1
). 
Sediment- and groundwater electrical conductivity were significantly higher in the desertified marsh than in the 
vegetated areas during both summer and winter. In both the desertified marsh and the vegetated areas there was 
no significant difference in sediment- and groundwater electrical conductivity found between sediment depths, 
indicating the influence of the hypersaline groundwater on sediment salinity. In semi-arid or arid regions there is 
not enough rainfall to flush out the salts which accumulate in the sediment (Hillel, 1971; Goldsmith and 
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Hildyard, 1984). Groundwater is drawn upwards through capillary action (Cisneros et al., 1999), adding still 
further to their own salt burden on the way, by dissolving the salts in the soils near the surface (Greenway, 1973; 
Cisneros et al., 1999). Once at the surface, the saline groundwater evaporates and the salts are left behind to 
accumulate on the surface. Semi-arid and arid areas are particularly vulnerable since evaporation rates can be up 
to four to five times higher than those in temperate areas (Goldsmith and Hildyard, 1984). Bornman (2002) 
showed that salinity greater than 75 PSU (80 mS cm
-1
) resulted in no significant growth of Sarcocornia pillansii, 
the dominant floodplain species at the Orange River Estuary. The electrical conductivity of the surface sediment 
was therefore mostly above the tolerance range of this supratidal salt marsh species. The influence of rainfall on 
sediment electrical conductivity was limited to the vegetated areas, since the low rainfall, surface run-off and 
high evaporative demand reduce the effectiveness of rain in the desertified marsh. The microclimate created by 
existing vegetation retains the moisture in the surface soils for longer, potentially creating a suitable environment 
for the germination of seeds and the establishment of seedlings. Rainfall cannot therefore be seen as a 
mechanism of sufficiently lowering the surface soil salinity on the desertified marsh to allow the natural 
recruitment of Sarcocornia pillansii (Bornman et al., 2004b).  
 
The depth to the water table of the Orange River Estuary floodplain was relatively shallow (average of 0.65 ± 
0.1 m) and there was no significant difference between vegetated and desertified areas. Bornman et al. (2002) 
showed that S. pillansii can utilise groundwater shallower than 1.5 m. Depth to groundwater is therefore not the 
limiting factor in the potential rehabilitation of the salt marsh (Bornman et al., 2004b).  
 
The water potential of both the sediment and the plant tissue was relatively low at both times of sampling and 
there was a significant difference between the vegetated areas and the desertified marsh. The water potential of 
the sediment was lower than that of the plant tissue. Water moves from a high to a low water potential. The 
presence of salts in sediment decreases the water potential of the sediment which could account for the 
extremely low values measured. If large amounts of solutes are present (as in the Orange River Estuary) water 
moves into the sediment from the roots of the plants (Maricle et al., 2007). A suitable water potential gradient 
does therefore not exist between the groundwater and the roots of Sarcocornia pillansii. A reduction in the 
electrical conductivity of the sediment will result in an increase in the water potential, thereby allowing plants to 
utilize the groundwater (Bornman et al., 2004b).  
 
In the past, the factors driving the Orange River salt marsh was backflooding due to closed mouth conditions and 
extensive flooding. Various anthropogenic impacts resulted in the loss of these drivers as now the mouth is kept 
open artificially and the causeway prevents flooding of the salt marsh. Other estuaries depend on these same 
drivers to function. Altering of the freshwater regime (Kromme Estuary) and mouth condition (Great Brak 
Estuary) has changed environmental conditions which in turn has a negative effect on the biota. Even though the 
Orange River Estuary is an extreme example, this can easily become the case in other estuaries if they are not 
managed properly. The distribution of macrophytes in the Orange River estuary is similar to those observed in 
the Olifants Estuary, which is also permanently open and has extensive areas of supratidal and floodplain salt 
marsh. The Olifants and Orange estuaries are within similar climatic area (i.e. they are warm estuaries). These 
are characterized by high sediment salinity, which plays a large role in the distribution of marcophytes. The 
Orange River has been significantly modified, and has large bare patches where salt marsh used to be. The 
Olifants estuary is relatively unimpacted, and also has high sediment salninity, yet the amount of bare ground is 
minimal and restricted to the floodplain. The Kromme Estuary is a cool temperate estuary and is therefore 
expected to have lower sediment salinity because of variances in climatic conditions. However, as a result of the 
excessive abstraction of water indams (i.e. 133 % of the MAR), sediment salinities comparable with those in the 
Olifants estuary were found. This has led to the replacement of brackish species (e.g. Cotula coronopifolia) with 
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saline species (e.g. Sarcocornia perennis) and an increase in the amount of bare ground (refer to Plate 4.13 and 
4.14).     
 
The factors limiting rehabilitation of the salt marsh in the Orange River floodplain are the hypersaline sediment- 
and groundwater as well as the resultant low water potential of the sediment. Therefore, for rehabilitation to be 
successful, a reduction in sediment- and groundwater electrical conductivity is necessary. This could be achieved 
by linking the marsh back with the main river channel, i.e. by removing the causeway or sections thereof, 
thereby introducing less saline water and establishing favourable geohydrological conditions. Backflooding of 
the floodplain used to occur under natural conditions and might be useful initially in flushing the sediment and 
groundwater of excess salts. Floodplain salt marsh is intolerant of standing water and proper drainage of the 
floodplain should be ensured before backflooding is attempted. This could be achieved, in part, through the 
removal of the causeway. The establishment of favourable physico-chemical conditions should result in the 
natural recolonisation of the bare areas by Sarcocornia pillansii (Bornman et al., 2004b). 
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Chapter 7: Macrophytes as indicators of physico-chemical 
factors in South African estuaries. 
7.1 Introduction 
In 1996 the National Biomonitoring Programme for Aquatic Ecosystems (NBPAE) was initiated by the 
Department of Water Affairs and Forestry (DWAF), the Water Research Commission (WRC) and the 
Department of Environmental Affairs and Tourism (DEAT). The objective was to design a monitoring 
programme to monitor the health of aquatic ecosystems throughout the country and to provide information that 
can be used by water resource managers to manage water systems. At the time an array of biological indices 
were being tested for practical use and interpretation. These indices included: The South African Scoring System 
(based on macroinvertebrates), The Fish Assemblage Integrity Index , The Riparian Vegetation Index (based on 
the status of riparian vegetation within river reaches) and the Index of Habitat Integrity (based on the impacts of 
major disturbances on river reaches) (Institute for Water Quality Studies, 2000). In 1999 an estuarine health 
index was developed (Turpie and Mackay, 1999), which included various individual indices, i.e. biological 
health, water quality and aesthetic quality. This index have been utilised in various estuaries around South 
Africa. Today the monitoring of estuaries has a more holistic approach. The Eastern Cape Estuaries 
Manangement Programme Monitoring Protocols was recently developed and tested. This protocol includes 10 
categories of indicators (hydrodynamics, water quality, biodiversity, human population growth, control of human 
activities, planning and development, law enforcement, co-operative governance and co-management, effective 
management and satisfaction of basic human needs) (Resource Quality Services, 2010). The understanding of 
the response of macrophytes to various variables will go a long way in adding to the validity of this protocol.  
 
Macrophytes are beneficial to estuaries because they provide cover for fish and substrate for aquatic 
invertebrates. Submerged macrophytes are an important habitat for invertebrates, fish and birds and serve as 
shelter, nurseries and food for estuarine fish (e.g. Beckley, 1983; Branch and Grindley, 1979; Hanekom and 
Baird, 1984; Paterson and Whitfield, 2000). Rhabdosargus holubi (Cape stumpnose) and Monodactylus 
falciformis (Cape moony) are dependent on littoral plants and associated invertebrates for food, and were the 
principal species associated with submerged macrophytes in the Swartvlei Estuary (Whitfield, 1984). A 60% 
decline in the primary production of Potamogeton pectinatus due to senescence resulted in a decline in the 
condition and biomass of Rhabdosargus holubi and Monodactylus falciformis and an increase in mullet species 
associated with the bare littoral zone (Whitfield, 1984). Information on the effects of macrophyte removal on 
estuarine fish communities is therefore of great interest to resource managers and scientists. Macrophytes also 
produce oxygen, which assists with overall estuarine functioning (Adams et al., 1999). Salt marshes provide a 
critical habitat for resident and migrating wildlife (Montalto and Steenhuis, 2004) and a unique niche for some 
crustacean and mollusc invertebrates (Bromberg and Bertness, 2005) that are specifically adapted to marshes, 
and which do not occur elsewhere in the estuary. Zhang et al. (2004) reported that shrimp catches worldwide are 
directly related to the area of marsh in the shrimp nursery grounds. Reed, rush and sedge communities serve the 
valuable ecological function of protecting banks from erosion. Destruction of Phragmites australis (common 
reed) stands by boating and swimming activities in Europe have been shown to result in costly shore 
rehabilitation programmes (Weisser and Howard-Williams, 1982). Crowder and Painter (1991) indicated that a 
lack of macrophytes in a system where they are expected to occur may suggest a reduced population of sport and 
forage fish and waterfowl. In addition, the absence of macrophytes may also indicate water quality problems as a 
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result of excessive turbidity, herbicides or salinization (Crowder and Painter, 1991). However, an overabundance 
of macrophytes can result from high nutrient levels and may interfere with recreational activities (e.g., 
swimming, fishing, and boating), and detract from the aesthetic appeal of the estuary.  
 
According to Crowder and Painter (1991), macrophytes are excellent indicators of watershed health. Firstly, they 
respond to nutrients, light, toxic contaminant, metals, herbicides, turbidity, water level change and salt. Secondly 
macrophytes are easily sampled through the use of transects or aerial photography and do not require extensive 
laboratory analysis. Thirdly, these plants are easily used for calculating simple abundance metrics and are 
integrators of environmental condition. The objectives of this study were to assess whether macrophytes in 
different estuaries occurred within the same range of environmental variables and whether macrophytes were 
good indicators of physico-chemical conditions in estuaries.  
 
The following hypotheses were tested: 
 
1. The distribution of macrophytes is primarily influenced by elevation above mean sea level  
2. Species are found in the same elevation zones at different estuaries.  
7.2 Methods and Materials 
The seven estuaries (Orange River, Olifants, Great Brak, Kromme, Seekoei, East Kleinemonde and Mngazi) 
were sampled in a similar manner to compare the effect of environmental variables on emergent macrophyte 
species. Estuaries were selected so as to best represent the whole of the South African coastline. The number of 
estuaries chosen within each biogeographical region was roughly proportional to the extent that that region 
occupies along the coastline.  
7.2.1 Vegetation Analysis 
Four permanent transects were established in the marsh area along the Kromme and Olifants estuaries. Sites 
selected in the Kromme Estuary were situated in close proximity to the sites used by Adams (1991). In the 
Olifants Estuary two transects were situated in the lower reaches and two in the middle reaches of the estuary.  
These sites were the same as those sampled by Bornman et al. (2008). Three permanent transects were 
established in the marsh area along the Great Brak, Mngazi, East Kleinemonde and the Seekoei estuaries. In the 
Great Brak Estuary two transects were situated in the lower reaches and one in the middle reaches of the estuary. 
These sites were the same as those used for long-term monitoring by the CSIR (CSIR, 2000; CSIR, 2003). In the 
Seekoei Estuary one transect was situated in the lower reaches and one in the middle reaches of the estuary. A 
third transect was placed in the middle reaches of the Swart tributary to establish whether salt marsh structure 
and the controlling environmental variables were similar to that of the Seekoei Estuary. In the East Kleinemonde 
Estuary, two transects were situated in the lower reaches of the estuary and one in the upper reaches. In the 
Mngazi Estuary two transects were established in the lower-middle reaches and one in the upper reaches. In the 
Orange River Estuary two transects were set up in the hypersaline desertified salt marsh near the mouth. 
 
The profile and elevation above mean sea level for each transect was measured using a theodolite (Sokkisha TM 
6). Vegetation changes were analysed by determining the percentage cover in two duplicate quadrats (1 m
2
) 
located every 5 m along the transects in the Mngazi, East Kleinemonde, Kromme and Seekoei estuaries. In the 
Great Brak Estuary vegetation changes were analysed by determining the percentage cover in replicate 
permanent quadrats (1 m
2
) in each vegetation zone, conforming to the method used by the CSIR (CSIR, 2000; 
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CSIR, 2003). In the Olifants Estuary and the Orange River Estuary vegetation changes were analysed by 
determining the percentage cover in replicate quadrats (1 m
2
) located every 20 m along the transects, to replicate 
the methods used by Bornman et al. (2004a; 2004b ;2008). Vegetation cover was measured during the closed 
mouth phase and the open mouth phase in the temporarily open/closed estuaries and during summer and winter 
in the permanently open estuaries. 
7.2.2 Sediment Analysis 
During each field trip, sediment samples were collected at three zones along each transect. Zones were 
demarcated in the field along transects running from the terrestrial habitat into the estuarine water column, based 
on observations of coarse changes in species composition. At each zone, samples were collected from three 
depths, i.e. 0 – 0.05, 0.05 – 0.15 and above the water table if deeper than 0.15 m). Three replicates of each 
sample were collected. Samples were sealed and transported to the laboratory for analyses of sediment moisture 
content (Black, 1965), sediment organic content (Briggs, 1977), sediment electrical conductivity (Barnard, 1990) 
and sediment particle size (Gee and Bauder, 1986). Water table analysis was done in the field. This included 
measurements of depth to groundwater and groundwater conductivity. Bornman et al. (2008) showed that pH 
and redox potential did not significantly influence macrophyte distribution and cover in the Olifants Estuary, 
therefore these variables were not tested. 
7.2.3 Statistical Analysis 
The seasonal species and environmental data for all the estuaries sampled were analysed using CANOCO for 
Windows (Version 4.52, 2003). Canonical Correspondence Analysis (CCA) was used to obtain an ordination of 
the vegetation data constrained by environmental variables. Monte Carlo permutation tests (999 permutations) 
were performed to assess the significance of the canonical axis showing the relationship between species and the 
selected environmental variables. The result of the CCA was plotted as a two-dimensional graph using 
CANODRAW for windows (version 4.12, 2003). The environmental variables were plotted as arrows 
originating from the centre of the graph. The origin represents the mean value of each separate variable and the 
direction of the arrow line represents an increase in the value of that particular variable. The length of the 
environmental arrow indicates the importance of the variable and is equal to the multiple correlation of the 
variable with the displayed ordination axes. Statistical results were displayed in a table below the CCA 
ordination diagram.  
7.3 Results 
7.3.1 The Influence of Environmental Variables on Vegetation Distribution 
A combined ordination plot (Figure 7-1) was created for all the estuaries to compare the effect of environmental 
variables on reed, sedge and salt marsh species. A Monte Carlo permutation test of the trace showed that 
vegetation distribution in all seven estuaries were significantly affected by all the factors tested, but was 
significantly affected by elevation (p < 0.01), groundwater electrical conductivity (p < 0.01), depth to 
groundwater (p < 0.01), percentage sediment moisture content (p < 0.01) and sediment electrical conductivity (p 
< 0.05).  
 
The first canonical axis (horizontal) described 38 % of the variation of the species – environment relationship. 
This axis was positively correlated with elevation (0.33), sediment electrical conductivity (0.60) and 
groundwater electrical conductivity (0.58). 
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Figure 7-1 indicated that Sarcocornia pillansii and Limonium scabrum occurred at an increased distance from 
the estuary channel at high elevations, with an increased depth to groundwater.  Salicornia meyeriana were 
present in areas with high sediment- and groundwater electrical conductivity. Juncus kraussii and Stenotaphrum 
secundatum occurred close to the estuary channel in areas of low elevation and were associated with low 
sediment- and electrical conductivity. Triglochin bulbosa and Spartina maritima were associated with sediment 
with a high percentage moisture content. Bassia diffusa, Disphyma crassifolium, Limonium linifolium and 
Sarcocornia decumbens were present in areas with intermediate sediment moisture, groundwater- and sediment 
electrical conductivity. Sand and clay fractions were associated with high lying areas that were subjected to 
flood and storm events, whereas the lower lying areas (areas subjected to the daily tide) were characterized by 
silt. 
 
 
 Figure 7-1: Ordination diagram based on a CCA of seasonal species and environmental 
data for all seven estuaries sampled. (SOC = Sediment Organic Content). 
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 Table 7-1: Summary of CCA of seasonal species and environmental data for all seven 
estuaries sampled (p = 0.001). 
 Axis 1 Axis 2 Axis 3 Axis 4 Total Inertia 
Eigenvalues 0.670 0.376 0.284 0.184 8.552 
Species-environment correlation 0.840 0.667 0.596 0.625  
Cumulative percentage variance      
of species data 7.8 12.2 15.6 17.7  
of species-environment relation 37.7 58.9 74.8 85.2  
Sum of all unconstrained eigenvalues     8.552 
Sum of all canonical values     1.778 
 
7.3.2 The Effects of Environmental Variables on Species Distribution along an 
Elevation Gradient 
Elevation was an important factor governing the distribution of salt marsh species in the estuaries. Figure 7-2 
shows the distribution of all species sampled in all seven estuaries along an elevation gradient. Species occured 
within the same narrow elevation range in the different estuaries. Supratidal salt marsh species (Sarcocornia 
pillansii, Salsola zeyheri, Lycium tetrandrum and Limonium scabrum) occured at the highest elevation (> 1 m 
above measured sea level), whereas the intertidal salt marsh species and reeds and sedges occured at lower 
elevations (< 1m above sea level). 
 
Species were kept in the order that they occurred along the elevation gradient and plotted against the most 
statistically significant variables (p < 0.001).  This highlighted important patterns. There was a positive 
relationship between elevation and moisture content (Figure 7-3). Species that occurred at high elevations were 
associated with low percentage moisture content and vice versa. Figures 7-4 and 7-5 showed that there was no 
discernable relationship between sediment electrical conductivity, groundwater electrical conductivity and 
elevation, respectively. If however the intertidal species Triglochin bulbosa, Salicornia meyeriana and 
Limonium linifolium that were positively correlated with an increase in sediment electrical conductivity were 
removed from the graph it becames apparent that a relationship did exist between elevation and sediment 
electrical conductivity, i.e. it decreased with a decrease in elevation (Figure 7-4). Depth to groundwater 
increased with an increase in elevation (Figure 7-6). 
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 Figure 7-2: The distribution of species sampled along an elevation gradient (Bars 
represent standard error of the mean). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 7-3: Average percentage sediment moisture content for species sampled along 
an elevation gradient (Bars represent standard error of the mean). 
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1.   Lycium tetrandrum 
2.   Sarcocornia pillanssii 
3.   Salsola zeyheri 
4.   Limonium scabrum  
5.   Sporobolus virginicus 
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 Figure 7-4: Average sediment electrical conductivity for species sampled along an 
elevation gradient (Bars represent standard error of the mean). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 7-5: Average groundwater electrical conductivity for species sampled along an 
elevation gradient (Bars represent standard error of the mean). 
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 Figure 7-6: Average depth to groundwater for species sampled along an elevation 
gradient. (Bars represent standard error of the mean). 
7.3.3 Correlation Analysis 
The correlation analysis made it possible to analyse the system as a whole and not as individual transects or 
single sampling periods that are difficult to compare. Only a few of the correlations were significant (p < 0.05) 
and these correlations were not very strong. The vegetation cover of the intertidal salt marsh species (Table 7-2) 
Bassia diffusa, Cotula coronopifolia, Limonium linifolium, Sarcocornia decumbens and Triglochin bulbosa 
increased significantly with an increase in  sediment moisture content (Table 7-3). Limonium linifolium and 
Cotula coronopifolia were never dominant and percentage cover did not exceed 10 and 36 % respectively. The 
three remaining species were dominant at relatively high sediment moisture content (> 10 %) Sarcocornia 
perennis was negatively correlated with sediment organic content, i.e. percentage cover increased at low level of 
organic content (< 2 %) whereas the opposite was found for Triglochin spp. Bassia diffusa, Limonium linifolium, 
Salicornia meyeriana, Cotula coronopifolia, Disphyma crassifolium and Triglochin bulbosa had significantly 
higher cover when groundwater electrical conductivity was high (> 40 mS.cm
-1
). Sarcocornia perennis was 
negatively correlated with sediment electrical conductivity, i.e. percentage cover increased at lower ion levels (< 
40 mS.cm
-1
). Cotula coronopifolia was associated with the highest percentage silt fraction of the sediment (30.24 
%) compared to the other species. Sarcocornia perennis and Spartina alterniflora also occurred in sediment with 
a high silt fraction Cotula coronopifolia, Sarcocornia decumbens, Spartina alterniflora and Triglochin bulbosa 
were significantly affected by a shallow water table (< 0.7 m) Spartina maritima, Spartina alterniflora, 
Triglochin bulbosa, Limonium linifolium and Salicornia meyeriana were significantly affected by the distance 
from the estuary channel. Only Triglochin bulbosa and Spartina maritima were dominant usually in close 
proximity to the estuary channel (10-40 m). 
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In general the supratidal salt marsh species were associated with low sediment moisture content, high sediment 
electrical conductivity and greatest depth to the groundwater.  The vegetation cover of  Sarcocornia pillansii, 
Limonium scabrum and Salsola zeyheri increased with a decrease in moisture content of the sediment 
Sarcocornia pillansii was dominant at relatively low sediment moisture content (< 5 %). Sarcocornia pillansii, 
Lycium tetrandum and Salsola zeyheri were significantly affected by sediment electrical conductivity. 
Sarcocornia pillansii was dominant at relatively high sediment electrical conductivity (> 40 mS cm
-1
). All of the 
supratidal salt marsh species were significantly affected by high groundwater electrical conductivity (> 40 mS 
cm
-1
), with the exception of Limonium scabrum, which was associated with a low groundwater electrical 
conductivity (24-34 mS cm
-1
). This was probably because Limonium scabrum was never dominant and 
percentage cover did not exceed 6 %. Sarcocornia pillansii and Salsola zeyheri were the only supratidal salt 
marsh species to be correlated with particle size and were dominant at a wide range of sand, silt and clay 
fractions of the sediment, although on average sand was the dominant size fraction. An increase in the 
percentage cover of Sarcocornia pillansii, Limonium scabrum and Salsola zeyheri were correlated with an 
increase in distance from the estuary channel (> 100 m) and an increase in depth to the water table (> 0.7 m).  
 
Reeds, sedges and grasses were not correlated with either sediment organic content or sediment water content.  
Reeds, sedges and grasses, with the exception of Phragmites australis, had significantly lower cover when 
sediment electrical conductivity was high. This was probably because Phragmites australis was never dominant 
and percentage cover did not exceed 32 %. Juncus kraussii and Sporobolus virginicus were dominant at low 
sediment- and groundwater electrical conductivity (< 40 mS cm
-1
) and Stenotaphrum secundatum were dominant 
only at low groundwater electrical conductivity (< 40 mS cm
-1
). Juncus kraussii was associated with high 
percentage silt content (67.7 %) compared to the other species whereas the grasses Sporobolus virginicus, 
Stenotaphrum secundatum and Phragmites australis occurred in sediment with a significantly higher sand 
content. There was no correlation with Sporobolus virginicus cover with an increase in distance from the estuary 
channel and elevation but there was a negative correlation for the other three species. On average Stenotaphrum 
secundatum occurred closer to the estuary channel than did Juncus kraussii. The vegetation cover of Sporobolus 
virginicus and Juncus kraussii were significantly affected by the depth to the water table. Both species were 
dominant in the presence of a shallow water table (< 1 m). 
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 Table 7-2: Correlations among physico-chemical variables and reed, sedge and grass species for all seven estuaries 
sampled. Significant correlations, Spearman r, are those for p < 0.05; n = 3311. 
 
 
 
Species 
Sediment 
Moisture 
Content 
(%) 
Sediment 
Organic 
Content 
(%) 
Sediment 
Electrical 
Conductivity 
(mS.cm
-1
) 
% Clay % Sand % Silt 
Groundwater 
Electrical 
Conductivity 
(mS.cm
-1
) 
Depth to 
Groundwater 
(m) 
Distance 
from the 
Estuary 
Channel 
Elevation 
Bassia diffusa 0.22 0.16 0.21 N/S N/S N/S 0.24 N/S N/S 0.15 
Cotula coronopifolia 0.17 N/S N/S 0.13 N/S N/S -0.18 -0.12 N/S N/S 
Disphyma crassifolium N/S N/S N/S N/S N/S N/S 0.13 N/S N/S N/S 
Juncus kraussii N/S N/S -0.31 N/S -0.22 0.21 -0.31 -0.2 -0.17 -0.34 
Limonium linifolium 0.15 N/S 0.14 N/S N/S N/S 0.12 N/S -0.19 -0.21 
Limonium scabrum -0.27 N/S N/S N/S N/S N/S -0.13 0.32 0.33 0.40 
Lycium tetrandum N/S N/S 0.12 0.18 0.14 -0.20 N/S 0.16 0.15 0.17 
Phragmites australis N/S N/S -0.12 N/S N/S N/S N/S N/S -0.14 -0.13 
Salicornia meyeriana N/S N/S 0.24 N/S N/S N/S 0.26 N/S -0.15 -0.13 
Salsola zeyheri -0.30 N/S 0.30 0.28 0.29 -0.36 0.14 0.44 0.35 0.41 
Sarcocornia decumbens 0.3 N/S N/S N/S N/S N/S N/S -0.28 N/S -0.23 
Sarcocornia perennis N/S -0.21 -0.12 -0.23 N/S 0.13 N/S N/S -0.18 -0.21 
Sarcocornia pillansii -0.28 N/S 0.45 0.31 0.22 -0.35 0.39 0.55 0.5 0.63 
Spartina alterniflora N/S N/S N/S N/S N/S 0.12 N/S -0.27 -0.26 N/S 
Spartina maritima N/S N/S N/S N/S N/S N/S N/S N/S -0.17 -0.18 
Sporobolus virginicus N/S N/S -0.28 -0.19 N/S N/S -0.21 -0.13 N/S N/S 
Stenotaphrum secundatum N/S N/S -0.4 0.13 N/S N/S -0.3 N/S -0.17 -0.3 
Triglochin bulbosa / striata 0.38 0.25 0.18 N/S N/S N/S 0.21 -0.29 -0.20 N/S 
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7.4 Discussion 
Rapid urbanization along the South African coastline has resulted in the degradation of coastal 
ecosystems due to multiple environmental stressors: anthropogenic inputs from point (e.g. sewerage 
discharge from pipes) and nonpoint sources (e.g. sediment, nutrients, etc.), habitat alteration, alteration of 
hydrology, high turbidity, physical disturbances, contaminated sediments, introduction of non-native 
species and eutrophication (Carpenter, 2005; Small et al., 2009; Bromberg Gedan et al., 2009). 
Increasingly on a worldwide scale, legislation has been adopted to determine the ecological integrity of 
surface waters including streams, rivers, lakes, estuaries and coastal waters. Ecological indicators are 
scientific measures (parameters or values) that can be used to assess the ecological status and trends in the 
health of ecosystems and their component parts and are used increasingly to assess the ecosystem health 
in transitional waters and estuaries (Bortone, 2005; Austoni et al., 2007).  
 
Coastal estuaries are normally fringed by vast stands of emergent macrophytes, invaluable to coastal 
ecosystems. The formation of distinct vegetation zones is a common feature within salt marshes 
worldwide (Ungar, 1974; Snow and Vince, 1984; Vince and Snow, 1984; Carter and Ungar, 2003). 
Zonation of plants across salt marshes has been attributed to both abiotic factors, such as waterlogging, 
salinity gradients, siltation, and tidal action, and biotic factors such as competition (Ungar, 1991; Carter 
and Ungar, 2003). Yet, in hypersaline environments, it can be difficult to discern whether abiotic or biotic 
factors are the driving forces behind the formation of zonal communities because salinity is a 
confounding factor (Ungar, 1991; Carter and Ungar, 2003). Ernst (1978) suggested that plant distribution 
may be explained by the physiological tolerance limits of individual species at different stages of 
development and not necessarily by biotic interactions such as competition.  
 
Tidal flooding is recognized as a primary factor structuring coastal wetlands (Pennings and Bertness, 
2001; Hickey and Bruce, 2010) with the frequency and duration of inundation determined by surface 
elevation (Clarke and Hannon, 1969; Olff et al., 1988; Hickey and Bruce, 2010). Silvestri et al. (2005) 
showed that salt macrophyte species may indeed be associated with narrow ranges of soil topographic 
elevation. It is this relationship between tidal regime and elevation (as elevation increases tidal reach 
decreases) that governs vegetation succession (Crooks et al., 2002; Hickey and Bruce, 2010).  Salt marsh 
plants therefore occur in distinct zones along an elevation and tidal inundation gradient.  In areas of high 
elevation, above the normal spring tide, a supratidal area occurs that only gets inundated with water 
occasionally. At lower elevations that are inundated daily by tidal fluctuations intertidal salt marsh 
species are present (Adams, 1991). Similar results were shown in this study.   
 
Other environmental variables may also be related to elevation, these include moisture content, salinity, 
depth to groundwater and sedimentation. In this study moisture content was related to elevation i.e. 
moisture content increased with lower elevation. Similarly, Coultas and Hsieh (1997) found that a slight 
increase in elevation has a profound effect on the soil moisture regime in estuaries, since the frequency 
and duration of inundation was determined by surface elevation. Two groups of species were correlated 
with percentage moisture content, i.e. (1) those that were positively correlated and had a high percentage 
cover when moisture content was high, and (2) those that were negatively correlated, i.e. species that had 
a high percentage cover regardless of low moisture content (or had a low percentage cover despite high 
moisture content). Group 1 consisted of mostly upper intertidal salt marsh species (Bassia diffusa, 
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Limonium linifolium, Sarcocornia decumbens and Triglochin bulbosa); with the exception of Cotula 
coronopifolia which is a lower intertidal salt marsh species and a pioneer colonist of bare wet soils (van 
der Toorn 1980; van der Toorn and ten Hove, 1982). Group 2 consisted of the supratidal salt marsh 
species (Sarcocornia pillansii, Salsola zeyheri and Limonium scabrum).  
 
Sediment moisture content of the intertidal macrophyte habitats are influenced by the water level of the 
adjacent water body, since these species are inundated daily by tides. Therefore, sediment moisture 
content will always be higher closer to the estuarine channel and and the intertidal salt marsh species are 
adapted to these or higher moisture regimes. This was evident in all estuaries sampled. According to 
Adams et al. (1992) supratidal macrophytes are usually associated with low moisture content due to 
limited tidal flushing occurring in this area. Rainfall and evaporation would therefore be more important 
in influencing the distribution of these species. However, Bornman et al. (2002; 2004a) found that in the 
Olifants Estuary the supratidal salt marsh was dependent on groundwater and that groundwater level was 
related to the diurnal tidal cycle. The inland dampening of diurnal and semidiurnal water table 
fluctuations has also been recorded by Todd (1967); Carr and van der Kamp (1969); Pearce (1996); Sun 
(1997); Jiao and Tang (1999); Raubenheimer et al. (1999) and Li et al. (2000). The water potential 
gradient that exists between the surface soil and the water table results in the movement of saline water 
from the groundwater to the surface, increasing moisture content (Bornman, et al., 2002; 2004a). 
Onkware (2000) showed that non-saline and low salinity sediment were dependent on precipitation to 
recharge their moisture supply, but that hypersaline sediment maintained high moisture levels throughout 
the year because they drew moisture up from the groundwater. This was particularly evident in areas of 
low rainfall, such as the Orange Estuary where moisture content remained relatively stable throughout the 
year. Noe and Zedler (2001) found that soil moisture predicted a very small portion of the spatial 
variation in vegetation and that other factors might be more important. In this study various factors i.e. 
electrical conductivity, elevation, etc. contributed to the distribution of vegetation and therefore it can be 
said that the distribution of macrophytes are not dependent on one specific variable, but rather a specific 
combination of various variables.    
 
Sediment electrical conductivity was related to elevation and  increased with an increase in elevation. 
Experimental evidence indicates that sediment salinity gradually increases with soil elevation, reaching a 
maximum just above mean high sea level to again decrease beyond it (Mahal and Park, 1976; Adam, 
1990). These observations, which provide a link between the presence of halophytes and topographic 
elevation, may be explained by noting that evaporation periods (occurring when the marsh is not flooded) 
are longer at higher elevations and thus salts in surface soils may become more concentrated (Adam, 
1990). At high soil elevations (above mean high sea level), sediment salinity tends to decrease due to 
progressively less frequent flooding of the marsh and the associated reduced salt input. However in semi-
arid systems such as the Olifants Estuary and the Orange River Estuary, the upper intertidal areas are 
never inundated by the daily tides and sediment electrical conductivity is therefore dependant on the 
capillary movement of saline water from the groundwater linked to the estuary (Bornman et al., 2004a). 
The dependence of sediment salinity on elevation may thus partly explain zonation, since physiological 
responses of plants to salinity are species dependent (Silvestri et al., 2005). Two groups of species were 
correlated with sediment electrical conductivity (1) those that were positively correlated, and (2) those 
that were negatively correlated. Group 1 consisted of mostly supratidal salt marsh species (Sarcocornia 
pillansii and Lycium tetrandrum) but also included the upper intertidal salt marsh species, Limonium 
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linifolium, and the lower intertidal species Salicornia meyeriana (> 40 mS.m
-1
). Group 2 consisted of the 
intertidal salt marsh species (Sarcocornia perennis) and reeds, sedges and grasses (Juncus kraussii, 
Stenotaphrum secundatum, Sporobolus virginicus and Phragmites australis) (< 30 mS.cm
-1
). Salt marsh 
vegetation is dominant at a sediment salinity between 10 and 35 PSU, although certain species can 
tolerate higher levels than others providing high levels are not maintained for long periods (Chapman, 
1960; Day, 1981).  The exception to the rule seems to be Salicornia spp, which thrives under saline 
conditions. Salicornia spp. are obligate halophyte (Waisel, 1972) that are prevalent in coastal and 
continental saline habitats throughout the world and usually occupy the zones of highest salinity 
(Chapman, 1960; Waisel, 1972; Ungar, 1974; Keiffer et al., 1994).  
 
The supratidal salt marsh species (the zone above the normal tidal reach that is inundated during spring 
high tides or storm events) were correlated with high sediment electrical conductivity (> 40 mS.cm
-1
). 
These species usually occur above the tidal regime, and therefore river flooding, rainfall and evaporation 
play a more important role in their distribution. In arid climates (e.g. the Orange River Estuary) leaching 
by rainwater is not effective in diluting salt concentrations (Hillel, 1971). The supratidal community is 
capable of tolerating higher salinity than that of the intertidal community. For example, Sarcocornia 
perennis a lower intertidal species present in all the estuaries sampled, was negatively correlated with 
sediment electrical conductivity, i.e. percentage cover decreased with an increase in sediment electrical 
conductivity and were dominant at < 30 mS cm
-1
 (range = 16-45 mS cm
-1
). Adams and Bate (1994) 
showed that the optimum salinity range for Sarcocornia perennis (an intertidal salt marsh species) was 0-
15 PSU. Salinity greater than 35 PSU resulted in a significant reduction in growth. Sarcocornia pillansii, 
a supratidal species present in four of the seven estuaries sampled was positively correlated with sediment 
electrical conductivity, i.e. percentage cover increased with an increase in sediment electrical conductivity 
and were dominant at > 40 mS cm
-1
 (range = 18-94 mS cm
-1
). Bornman (2002) showed that the optimum 
salinity range for Sarcocornia pillansii (a supratidal salt marsh species) was 0-35 PSU. Salinity greater 
than 75 PSU resulted in no significant growth. 
 
Reeds, sedges and grasses were associated with low sediment electrical conductivity. Wijte and Gallagher 
(1996) showed that Phragmites australis grew optimally at a salinity less than 10 PSU. In urban areas, 
discharge of stormwater into salt marshes has resulted in the replacement of halophytic communities by 
assemblages more characteristic of brackish or freshwater marshes due to the reeds responding to the 
lowering the of salinity and increased nutrients (Zedler, 1990; Adam, 2002). The common reed, 
Phragmites australis, is correlated with low sediment electrical conductivity and is a good indicator of 
areas of freshwater seepage. The percentage cover of Juncus kraussii was negatively correlated with 
sediment electrical conductivity. Adams et al. (1999) found that the optimum salinity range for Juncus 
kraussii was less than 20 PSU. Naidoo and Kift (2006) found that total dry biomass accumulation, as well 
as the number and height of culms of Juncus kraussii, decreased with an increase in salinity.  
 
Grasses vary in their upper limit of salt tolerance and increases in salinity usually delay seed germination 
(Gulzar and Khan, 2001). Breen et al. (1977) showed that seed germination of Sporobolus virginicus was 
reduced at salinity greater than 15 PSU and inhibited at 20 PSU. Seedlings older than 3 months showed 
growth reduction at 20 PSU and inhibition at salinity greater than 30 PSU (Marcum and Murdoch, 1992; 
Naidoo and Naidoo, 1998). Germination of Juncus kraussii was best at a salinity less than 7 PSU and 
decreased significantly with a further increase in salinity up to 40 PSU. Transfer of ungerminated salt-
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treated seeds to distilled water stimulated germination. Juncus kraussii is a highly salt tolerant species 
being able to grow and survive in salinity up to 25 PSU, however maximal growth occurs at low salinity 
(< 3.5 PSU). If salinity becomes too low the species is replaced by Phragmites australis (Naidoo and 
Naidoo, 1998). Invasion of marshes in the mid-Atlantic region by Phragmites australis (common reed) 
has been a serious problem for the last four decades (Jones and Lehman, 1987). Invasion of these marshes 
are however limited to the less saline upland boundary since salinity reduces germination of Phragmites 
australis seeds at 25 PSU (Jones and Lehman, 1987). In this study Juncus kraussii and Phragmites 
australis occurred in monospecific stands with Juncus kraussii occurring in transects close the mouth of 
the estuary and Phragmites australis occupying the upper reaches (e.g. Mngazi, Great Brak and Seekoei 
estuaries). 
 
Vegetation may be wholly or partially dependent on groundwater (Riehl and Ungar, 1982; Jolly et al., 
1993; Pan et al., 1998; Le Maitre et al., 1998; Cisneros et al., 1999). The availability of groundwater may 
influence the type of plant growth as well as the species assemblage. Plants that use groundwater are 
sensitive to changes in the hydrological regime. This may be in the form of a water table declining at a 
rate faster than root growth, an alteration in the annual fluctuations of the water table or salinization of the 
groundwater (Le Maitre et al., 1998). This was most pronounced in the Orange River Estuary where 
groundwater depths of greater than 1 m and hypersaline surface sediments resulted in large areas of the 
supratidal marsh being desertified.   
 
Groundwater flow of freshwater from upland areas into salt marshes is influenced by hydrologic forces 
that operate over a wide range of temporal scales, including storm events, tidal fluctuations, seasonal 
variations in rainfall and evapotranspiration (Carter et al., 2008).  Most of the estuaries sampled showed a 
significant reduction in electrical conductivity after a rainfall event. In semi-arid or arid regions there is 
not enough rainfall to flush out the salts which accumulate in the sediment (Goldsmith and Hildyard, 
1984). Sediment in those areas can thus have a high salinity (Hillel, 1971). If the water table is permitted 
to rise to within 2.5 meters of the surface, then the groundwater is drawn upwards through capillary action 
(Cisneros et al., 1999) - adding still further to their own salt burden on the way, by dissolving the salts in 
the soils near the surface (Greenway, 1973; Cisneros et al., 1999). Once at the surface the saline 
groundwater evaporates and the salts are thus left behind to accumulate on the surface. Semi-arid and arid 
areas are particularly vulnerable since evaporation rates can be up to four to five times higher than those 
in temperate areas (Goldsmith and Hildyard, 1984). Estuaries sampled within semi-arid regions, i.e. 
Orange River and Olifants estuaries showed high to hypersaline sediment conditions during summer and 
winter, however salinity was reduced during the rainy season (winter). 
 
Two groups of species were correlated with groundwater electrical conductivity and depth to 
groundwater. Group one was positively correlated with groundwater electrical conductivity and consisted 
of mostly upper intertidal salt marsh species (Bassia diffusa, Limonium linifolium, Disphyma crassifolium 
and Triglochin bulbosa), with the exception of Salicornia meyeriana which is a lower intertidal salt 
marsh species. These species had stronger correlations with groundwater electrical conductivity than with 
depth to groundwater. Sanchez et al. (1998) and Rogel et al. (2001) found that groundwater salinity had a 
greater influence on the zonation of vegetation than water table depth in the intertidal area. This may be 
due to the fact that the depth to groundwater table in the intertidal zone is an insignificant variable to 
 204 
consider as moisture availability is not a problem due to daily tidal inundation and the fact that the water 
table during high tide is above the level of the sediment. 
 
Group two consisted of the supratidal salt marsh species (Sarcocornia pillansii, Salsola zeyheri and 
Lycium tetrandrum). These species had stronger correlations with depth to groundwater than with 
groundwater electrical conductivity. Bornman et al. (2002; 2004a) found that depth to the water table had 
the greatest influence on vegetation distribution in the Olifants Estuary, and that the cover abundance of 
Sarcocornia pillansii was visibly reduced where the water table was deeper than 1.5m and/or where the 
electrical conductivity of the groundwater was accessible and had a high ion concentration  
(> 80 mS.cm
-1
). This study confirmed these findings and found that Sarcocornia pillansii was dominant at 
an average depth to the water table of less than 0.75 m. Sarcocornia pillansii was found to be dominant at 
slightly higher electrical conductivity (average = 82 mS.cm
-1
) than that found by Bornman et al. (2002; 
2004a). This higher average electrical conductivity was due to the data included from the hypersaline 
desertified marsh at the Orange River Estuary. 
 
In summary the hypotheses were accepted since emergent macrophytes in estuaries were both directly and 
indirectly influenced by elevation and species occurred in distinct elevation zones. Supratidal salt marsh 
species were restricted to elevations of greater than 1 m above mean sea level, whereas upper and lower 
intertidal salt marsh species occurred at elevations between 0.2 and 1 m above mean sea level. Elevation 
also influenced the distribution of macrophytes indirectly by influencing physico-chemical factors, such 
as soil moisture content, sediment electrical conductivity, groundwater electrical conductivity, depth to 
the water table, etc. Therefore, elevation is the most important factor in governing emergent macrophyte 
distribution in estuaries. 
 
The study showed that species of emergent macrophytes in different estuaries occurred within the same 
range of environmental variables and were good indicators of environmental factors within a particular 
estuary. Salt marsh species occured within the same ranges in different estuaries when the species were 
dominant (50 % or more cover). Intertidal salt marsh species were good indicators of high sediment 
electrical conductivity. In the Great Brak Estuary, long term monitoring showed that Cotula coronopifolia 
(a brackish salt marsh species) was replaced by Sarcocornia perennis due to an increase in sediment 
electrical conductivity (Adams, 2008). In the Kromme Estuary, large areas of bare ground were found in 
the upper intertidal areas due to hypersaline conditions caused by a reduction in freshwater inflow. These 
bare patches were only colonized by the highly stress tolerant Salicornia meyeriana. When an increase in 
rainfall flushed some of the excess salt from these bare patches during winter there was a decrease in the 
cover of Salicornia and an increase in other salt marsh species. In the East Kleinemonde Estuary 
Salicornia meyeriana was present in areas of hypersalinity, where all other species were absent. 
 
Supratidal salt marsh species were however better indicators of groundwater salinity and depth to 
groundwater. In the Olifants and the Orange River estuaries the supratidal species were found to be most 
extensive and even though very high surface sediment electrical conductivity was measured these species 
were still present. The assumption can therefore be made that supratidal salt marsh species can survive 
high sediment salinity as long as their roots have access to the less saline water table.  
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Chapter 8: General Discussion and Conclusion. 
In theory macrophytes make good indicators of physico-chemical factors in estuaries, since they respond 
to different environmental variables (e.g. salinity, moisture content, organic content, groundwater, etc.) 
and are easy to sample through the use of transects or aerial photography. This study showed that 
geomorphologically all estuaries are unique and that species distribution first and foremost responds both 
directly and indirectly to elevation. This study has shown a direct relationship between elevation and 
species distribution (Chapter 7; Figure 7-2).  Species occur within distinct elevation zones regardless of 
the estuary it is present in, e.g. floodplain and supratidal salt marsh species such as Lycium tetrandrum, 
Sarcocornia pillansii, Salsola zeyheri and Limonium scabrum were present higher than 1 m above mean 
sea level, whereas upper intertidal salt marsh species (Sporobolus virginicus, Bassia diffusa, Disphyma 
crassifolium and Sarcocornia decumbens) were present at elevations between 0.6 and 1 m above mean 
sea level. Intertidal salt marsh species such as Sarcocornia perennis, Triglochin bulbosa, Salicornia 
meyeriana, Limonium linifolium and Cotula coronopifolia were present at elevations less than 0.6 m 
above mean sea level. Spartina maritima was only present at elevations below 0.2 m above mean sea 
level in permanently open estuaries. Therefore the first hypothesis i.e. macrophyte species are found in 
the same elevation zones at different estuaries was accepted. 
 
Species distribution was also influenced indirectly by elevation through its influence on environmental 
variables and mouth condition. Percentage sediment moisture content, sediment electrical conductivity, 
groundwater electrical conductivity and depth to groundwater were all directly correlated with elevation. 
For example, soil moisture content, was higher at lower elevations, depth to groundwater was less at 
lower elevations, and electrical conductivity increased with soil elevation and reached a maximum just 
above mean high sea level after which it again decreased (Chapter 7; Figure 7-3 – 7-6). Elevation also 
influenced mouth condition in temporarily open/closed estuaries, i.e estuaries that are perched such as the 
Mngazi Estuary breach and drain only following flooding events such as during April 2004.  Therefore 
the second hypothesis, i.e. the distribution of macrophytes is primarily incluenced by elevation above 
mean sea level was accepted. 
 
The third hypothesis stated that sediment electrical conductivity was influenced by groundwater electrical 
conductivity and this was also accepted. A direct positive correlation was observed between water column 
electrical conductivity and groundwater electrical conductivity in the intertidal areas indicating a 
relationship between diurnal tidal inundation and groundwater electrical conductivity levels (Chapter 4).  
A positive correlation was also found between groundwater electrical conductivity and sediment electrical 
conductivity.  
 
Based on the study results the fourth hypothesis stating that the distribution of species is correlated to 
depth to the groundwater and groundwater electrical conductivity in supratidal areas where tidal flushing 
is limited was accepted. Supratidal salt marsh species such as Salsola zeyheri and Sarcocornia pillansii 
within various estuaries, i.e. Kromme, Olifants, Great Brak and Orange River were related to groundwater 
electrical conductivity and depth to groundwater (Chapter 4, Chapter 5 and Chapter 6). In the Orange 
River and Olifants estuaries there was a negative correlation between groundwater electrical conductivity 
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and vegetation cover, showing that an increase in the electrical conductivity of the groundwater adversely 
affected the supratidal salt marsh species Sarcocornia pillansii (Chapter 4-6).  
 
The fifth hypothesis that stated dry hypersaline (> 35 PSU) conditions caused die-back of vegetation in 
the Orange River Estuary was accepted.  Flooding is important in flushing out salts from sediment and 
also in raising the groundwater table, making water available for vegetation. A significant decrease in 
both sediment- and groundwater electrical conductivity was found in vegetated areas (where water had 
permanently returned due to the removal of a section of the causeway that constricted flow in the Orange 
River Estuary) versus desertified marshes (in an area where the causeway was still constricting flow) 
(Chapter 6). Even though no significant difference was found in the depth of the water table between 
vegetated areas and the desertified marsh the water table was shallower in the former than in the latter. 
High sediment electrical conductivity values within surface sediment resulted in a lower water potential 
of the surface sediment, causing groundwater laden with salts to move to the surface and evaporate 
increasing surface sediment electrical conductivity values.    
 
Macrophytes have not been studied extensively in South African estuaries. Internationally, studies on 
seagrasses have been used as successful indicators of physico-chemical conditions in estuaries, however 
little work has been undertaken on emergent macrophytes. This study showed that certain species can be 
used as indicators of specific variables and therefore macrophytes are good indicators of physico-
chemical factors in estuaries. For example, Cotula coronopifolia is a good indicator of stable mouth 
conditions and water level fluctuations, while the presence of Salicornia meyeriana is indicative of 
hypersaline conditions (up to 98 mS cm
-1
). Reed and sedge species such as Phragmites australis and 
Juncus kraussii are indicative of areas of freshwater seepage and brackish conditions. Thus, by producing 
accurate vegetation distribution maps of the estuary, utilizing aerial photography and groundtruthing, one 
will be able to predict other physico-chemical variables spatially. A benefit of this is that it is possible to 
do a rapid assessment of an estuary at a reduced cost. In this regard this study has made a unique 
contribution to the future of monitoring and management of estuaries. The knowledge gained from this 
study on the responses of estuarine macrophytes to changes in physico-chemical factors was used in a 
number of Department of Water Affairs ecological water requirement studies on the Orange, Olifants, 
Great Brak, Kromme and Seekoei estuaries. The measurement of the change in area over time of the 
different macrophyte habitats was used in the assessment of Estuarine Health. In addition, data from the 
study on the Orange River Estuary salt marsh was used in the rehabilitation of the area by the Working 
for Wetlands programme. It is recognized, however that there were some limitations to this study and 
therefore recommendations are made for future studies. Estuaries, especially temporarily open/closed 
estuaries, are very dynamic and sampling should take place on a more regular basis, i.e. every three 
months, to get a better understanding of macrophyte dynamics and response to environmental variables. 
More focus should be placed on submerged macrophytes as indicators of physico-chemical factors of the 
water column in estuaries.  Deteriorating water quality throughout South Africa and other disturbances 
such as boating and bait digging are threats to these plants. The inundation tolerance of various 
macrophyte species due to mouth closure and high water level in temporarily open/closed estuaries, 
should be studied further.  This is important as it would provide input on when the mouth should be 
opened in impacted estuaries where artificial breaching of the mouth is practiced. The presence or 
absence of a viable macrophyte seed bank within various estuaries should be established. Even though 
salt marsh species propagate vegetatively, the available seed banks are important especially if there is 
extensive die-back of species as occurred in the Orange River Estuary. 
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Appendix 1:   Species List 
A1.1 Plant species list (Germishuizen and Meyer, 2003). 
SPECIES AUTHORITY FAMILY ABBREVIATION 
Atriplex semibaccata R.Br. Chenopodiaceae Atrisem 
Bassia diffusa (Thunb.) Kuntze Chenopodiaceae Bassdif 
Bromus pectinatus Thunb. Poaceae Brompec 
Carpobrotus sp.   Mesembryanthemaceae Carpobrotus 
Chironia sp.  Fumariaceae Chironia 
Cladophora isaacii Simons Cladophoraceae Cladisa 
Cladophora sp.  Cladophoraceae Cladsp 
Conyza scabrida DC. Asteraceae Conysca 
Cotula coronopifolia L. Asteraceae Cotucor 
Cyperus brevis Boeck. Cyperaceae Cypebre 
Disphyma crassifolium (L.) L.Bolus Mesembryanthemaceae Dispcra 
Drosanthemum parvifolium (Haw.) Schwantes Mesembryanthemaceae Drospar 
Enteromorpha sp.  Ulvaceae Entesp 
Frankenia capitata Webb and Berthel Frankeniaceae Francap 
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Gracilaria gracilis (Stackhouse) 
Steentoft, L Irvine 
& Farnham 
Gracilariaceae Gracgra 
Helichrysum odoratissimum (L.) Sweet Asteraceae Heliodo 
Iris sp.  Iridaceae Irissp 
Juncus kraussii Hochst. Juncaceae Junckra 
Limonium linifolium (L.f.) Kuntze Plumbaginaceae Limolin 
Limonium scabrum (Thunb.) Kuntze Plumbaginaceae Limosca 
Linum thunbergii Eckl. & Zeyh. Linaceae Linuthu 
Lycium cinereum Thunb. Solanaceae Lycicin 
Lycium tetrandrum Thunb. Solanaceae Lycitet 
Medicago polymorpha L. Fabaceae Medipol 
Mesembryanthemum nodiflorum L. Mesembryanthemaceae Mesenod 
Phragmites australis (Cav.) Steud. Poaceae Phraaus 
Phragmites mauritianus Kunth Poaceae Phramau 
Psilocaulon dinteri (Engl.) Schwantes Mesembryanthemaceae Psildin 
Pycreus polystachyos (Rottb.) P.Beauv. Cyperaceae Pycrpol 
Rhus crenata Thunb. Anacardiaceae Rhuscre 
Ruppia cirrhosa (Petagna) Grande Ruppiaceae Ruppcir 
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Salicornia meyeriana Moss Chenopodiaceae Salimey 
Salsola aphylla  L.f. Chenopodiaceae Salsaph 
Sarcocornia decumbens (Tölken) A.J.Scott Chenopodiaceae Sarcdec 
Sarcocornia perennis (Mill.) A.J.Scott Chenopodiaceae Sarcper 
Sarcocornia pillansii (Moss) A.J.Scott Chenopodiaceae Sarcpil 
Schoenoplectus tabernaemontani (C.C.Gmel.) Palla Cyperaceae Scholac 
Scirpus sp.  Cyperaceae Scirpus 
Senecio sp.  Asteraceae Senecio 
Spartina alterniflora Loisel. Poaceae Sparalt 
Spartina maritima (Curtis) Fernald Poaceae Sparmar 
Sporobolus africanus (Poir.) Robyns & 
Tournay 
Poaceae Sporafr 
Sporobolus virginicus (L.) Kunth Poaceae Sporvir 
Stenotaphrum secundatum (H. Walter) Kuntze Poaceae Stensec 
Suaeda fruticosa (L.) Forssk. Chenopodiaceae Suaefru 
Triglochin bulbosa L. Juncaginaceae Trigbul 
Triglochin sp. 
(Refers to mixture of T. bulbosa 
and T. striata) 
 Juncaginaceae Trigsp. 
Triglochin striata Ruíz & Pav.  Juncaginaceae Trigstr 
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Ulva rigida 
(Now Enteromorpha rigida) 
C. Agardh Ulvaceae Ulvarig 
Xanthium spinosum L. Asteraceae Xantspi 
Zostera capensis Setch. Zosteraceae Zostcap 
Appendix 2:   Co-ordinates of sampling sites 
Orange River Estuary 
Transect 1 28
o
38‟05” S; 16o28‟03” E 
Transect 2 28
o
37‟52” S; 16o27‟55” E 
Transect 3 28
o
37‟01” S; 16o27‟58” E 
 
Olifants Estuary 
Transect 1 31
o41‟58” S; 18o12‟08” E 
Transect 2 31
o41‟40” S; 18o11‟15” E 
Transect 3 31
o40‟07” S; 18o11‟55” E 
Transect 4 31
o39‟58” S; 18o11‟53” E 
 
Great Brak Estuary 
Transect A 34
o03‟15” S; 22o13‟51” E 
Transect B 34
o03‟04” S; 22o14‟04” E 
Transect 3 34
o02‟43” S; 22o13‟32” E 
 
Kromme Estuary 
Geelhoutboom Tributary Transect 1 34o06‟22” S; 24o46‟13” E 
Geelhoutboom Tributary Transect 2 34o06‟23” S; 24o46‟13” E 
Kromme Estuary Transect 1 34o06‟46” S; 24o46‟58” E 
Kromme Estuary Transect 2 34o06‟46” S; 24o46‟57” E 
 
Seekoei Estuary 
Transect 1 34
o05‟14” S; 24o54‟03” E 
Transect 2 34
o05‟12” S; 24o53‟32” E 
Transect 3 34
o04‟57” S; 24o53‟42” E 
 
East Kleinemonde Estuary 
Transect 1 33
o32‟00” S; 27o02‟21” E 
Transect 2 33
o31‟56” S; 27o02‟23” E 
Transect 3 33
o31‟44” S; 27o02‟05” E 
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Mngazi Estuary 
Transect 1 31
o38‟53” S; 29o26‟19” E 
Transect 2 31
o40‟09” S; 29o27‟11” E 
Transect 3 31
o40‟02” S; 29o27‟13” E 
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Appendix 3:   Presence and dominance of species (% cover) sampled in relation to 
environmental variables 
 Table A3- 1: Intertidal salt marsh species occurrence in relation to measured sediment moisture content and sediment 
organic content in seven estuaries. Dominant range refers to species that covered more than 50% in replicate quadrats. 
Highlighted species in green refer to positive correlations. Highlighted species in pink refer to negative correlations 
between species and environmental variables.  
Species n Sediment Moisture Content (%) Sediment Organic Content (%) 
  Range Average Dominant 
Range 
Average Range Average Dominant 
Range 
Average 
Bassia 
diffusa 
47 6.33-30.15 12.5 8.42-16.82 11.8 0.45-6.46 2.1 1.1-4.26 2.4 
Cotula 
coronopifolia 
9 10.87-18.58 13.69 cover did not exceed 36% 1.39-2.52 2.07 cover did not exceed 36% 
Disphyma 
crassifolium 
12 6.3-14.18 8.9 6.3-9.34 7.82 0.8-5.48 2.35 1.77-5.48 3.63 
Limonium 
linifolium 
15 4.77-30.15 14.01  cover did not exceed 10%  0.5-3.72 2.06  cover did not exceed 10% 
Salicornia 
meyeriana 
15 5.87-30.15 12.7  cover did not exceed 35% 0.51-3.72 1.71 cover did not exceed 35% 
Sarcocornia 
decumbens 
93 4.77-30.15 12.22 5.71-24.86 11.93 0.4-6.46 1.94 0.5-6.25 2.13 
Sarcocornia 
perennis 
43 3.5-16.82 9.75 4.77-15.72 9.8 0.3-2.9 1.21 0.48-2.42 1.27 
Spartina 
alterniflora 
14 7.14-13.57 9.75 7.24-13.57 9.9 0.82-2.23 1.39 0.82-2.23 1.42 
Spartina 
maritima 
4 7.87-18.03 12.98 cover did not exceed 6% 0.53-2.97 1.77 cover did not exceed 6% 
Triglochin 
bulbosa / 
striata 
47 6.33-30.15 14.57 11.52-16.82 13.72 0.53-6.46 2.44 0.95-2.47 1.72 
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 Table A3- 2: Intertidal salt marsh species occurrence in relation to measured sediment electrical conductivity and 
groundwater electrical conductivity in seven estuaries. Dominant range refers to species that covered more than 50% in 
replicate quadrats. Highlighted species in green refer to positive correlations. Highlighted species in pink refer to negative 
correlations between species and environmental variables. 
Species N Sediment Electrical Conductivity (mS.cm
-1
) Groundwater Electrical Conductivity (mS.cm
-1
)  
  Range Average Dominant 
Range 
Average Range Average Dominant 
Range 
Average 
Bassia 
diffusa 
47 15.7-114.83 44.1 23.96-57.93 33.32 17.48-95.0 61.67 38.5-66.1 44.96 
Cotula 
coronopifolia 
9 13.7-31.5 23.98 cover did not exceed 36% 9.18-38.22 19.56 cover did not exceed 36% 
Disphyma 
crassifolium 
12 2.45-69.9 38.12 2.45-10.61 6.53 55.17-78.37 66.77 No groundwater, rock 
below sediment surface 
Limonium 
linifolium 
15 19.82-97.73 44.8 cover did not exceed 10%  15.57-95.0 59.31 cover did not exceed 10% 
Salicornia 
meyeriana 
15 36.4-97.73 53.49 cover did not exceed 35% 47.3-95.0 76.79 cover did not exceed 35% 
Sarcocornia 
decumbens 
93 6.63-114.83 34.92 9.13-79.77 31.13 6.71-95.0 46.55 18.1-85.33 44.46 
Sarcocornia 
perennis 
43 16.03-69.93 28.71 16.04-44.73 27.37 14.53-61 35.38 17.9-37.49 27.12 
Spartina 
alterniflora 
14 21.53-35.87 29.05 21.53-35.87 28.35 20.77-40.22 34.14 20.77-40.22 34.28 
Spartina 
maritima 
4 42.3-46.6 44.24 cover did not exceed 6% 50.4-59.9 57.53 cover did not exceed 6% 
Triglochin 
bulbosa / 
striata 
47 7.23-114.83 42.84 18.33-33.4 24.79 9.94-93.87 56.05 39.9-42.1 41.0 
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 Table A3- 3: Intertidal salt marsh species occurrence in relation to measured clay, sand and silt fractions of the sediment 
in seven estuaries.  Dominant range refers to species that covered more than 50% in replicate quadrats. Highlighted 
species in green refer to positive correlations. Highlighted species in pink refer to negative correlations between species 
and environmental variables. 
Species n % Clay % Sand % Silt 
  Range Average Dominant 
Range 
Average Range Average Dominant 
Range 
Average Range Average Dominant 
Range 
Average 
Bassia 
diffusa 
47 3.17-
31.96 
14.43 4.53-31.96 14.99 7.23-
8.27 
41.72 23.39-
87.27 
52.79 0.46-
82.94 
43.85 0.46-
72.08 
32.21 
Cotula 
coronopifolia 
9 9.83-
48.95 
30.24 cover did not exceed 
36% 
7.23-
53.84 
30.14 cover did not exceed 
36% 
1.28-
82.94 
39.62 cover did not exceed 
36% 
Disphyma 
crassifolium 
12 8.91-
31.96 
13.55 9.08-14.42 11.75 19.06-
62.07 
33.16 25.36-
30.87 
28.11 5.97-
72.04 
53.28 60.04-
60.2 
60.14 
Limonium 
linifolium 
15 3.66-
23.09 
14.88 cover did not exceed 
10% 
6.97-
58.17 
36.31 cover did not exceed 
10% 
30.73-
88.7 
48.81 cover did not exceed 
10% 
Salicornia 
meyeriana 
15 3.66-
23.09 
13.68 cover did not exceed 
35% 
12.96-
58.17 
33.28 cover did not exceed 
35% 
31.38-
80.76 
64.91 cover did not exceed 
35% 
Sarcocornia 
decumbens 
93 1.37-
37.47 
15.22 1.37-37.47 17.89 4.07-
87.27 
38.82 4.07-
54.47 
34.00 0.46-
94.55 
45.96 8.06-
94.56 
48.11 
Sarcocornia 
perennis 
43 0.05-
26.25 
11.41 5.8-26.25 12.02 5.95-
81.49 
38.77 14.48-
62.88 
36.64 0-
89.47 
49.83 26.17-
77.76 
51.34 
Spartina 
alterniflora 
14 3.26-
16.86 
11.81 3.26-16.86 11.57 5.96-
62.34 
32.05 5.96-
62.34 
32.78 21.63-
90.78 
56.15 21.63-
90.78 
55.65 
Spartina 
maritima 
4 4.29-
22.42 
15.00 cover did not exceed 
6% 
8.23-
39.07 
27.73 cover did not exceed 
6% 
38.51-
87.48 
57.26 cover did not exceed 
6% 
Triglochin 
bulbosa / 
striata 
47 3.66-
34 
16.63 7.6-18.09 14.35 5.95-
81.49 
40.06 29.59-
74.72 
57.37 0-
89.47 
43.3 7.9-62.81 28.29 
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 Table A3- 4: Intertidal salt marsh species occurrence in relation to measured depth to groundwater and distance to the 
estuary channel in seven estuaries.  Dominant range refers to species that covered more than 50% in replicate quadrats. 
Highlighted species in pink refer to negative correlations between species and environmental variables. 
Species n Depth to Groundwater (m) Distance from Estuary Channel (m) 
  Range Average Dominant Range Average Range Average Dominant Range Average 
Bassia 
diffusa 
47 0.04-0.93 0.5 0.2-0.46 0.4 10-289.4 103.5 50-122.7 114.62 
Cotula 
coronopifolia 
9 0.08-0.51 0.36 cover did not exceed 36% 10-20 15 cover did not exceed 36% 
Disphyma 
crassifolium 
12 0.51-0.68 0.59 No groundwater, rock below 
sediment surface 
10-120 80 10-25 17.5 
Limonium 
linifolium 
15 0.09-0.93 0.55 cover did not exceed 10% 10-65 37.81 cover did not exceed 10% 
Salicornia 
meyeriana 
15 0.09-0.93 0.61 cover did not exceed 35% 30-70 43.33 cover did not exceed 35% 
Sarcocornia 
decumbens 
93 0.04-1.2 0.48 0.25-0.90 0.55 10-360 113.71 15-360 155.57 
Sarcocornia 
perennis 
43 0.05-1.16 0.54 0.05-1.16 0.66 5-143 65.76 5-143 78.62 
Spartina 
alterniflora 
14 0.08-0.39 0.24 0.08-0.39 0.24 10-20 15 10-20 15 
Spartina 
maritima 
4 0.05-0.3 0.175 cover did not exceed 6% 5-10 7.5 cover did not exceed 6% 
Triglochin 
bulbosa / 
striata 
47 0.04-0.93 0.39 0.2-0.4 0.3 10-289.4 72.25 20-40 30 
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 Table A3- 5: Supratidal salt marsh species occurrence in relation to measured sediment moisture content and sediment 
organic content in seven estuaries.  Dominant range refers to species that covered more than 50% in replicate quadrats. 
Highlighted species in pink refer to negative correlations between species and environmental variables. 
Species n Sediment Moisture Content (%) Sediment Organic Content (%) 
  Range Average Dominant 
Range 
Average Range Average Dominant 
Range 
Average 
Limonium 
scabrum 
18 2.34-9.39 6.36 cover did not exceed 6% 0.36-2.72 1.33 cover did not exceed 6% 
Lycium 
tetrandum 
6 6.67-13.74 8.41 cover did not exceed 4% 0.46-3.67 2.22 cover did not exceed 4% 
Sarcocornia 
pillansii 
99 1.42-20.54 8.22 3.81-10.54 4.22 0.36-5.71 1.74 0.45-5.71 2.04 
Salsola 
zeyheri 
33 1.42-15.43 6.86 cover did not exceed 33% 0.41-3.23 1.65 cover did not exceed 33% 
 
 
 
 Table A3- 6: Supratidal salt marsh species occurrence in relation to measured sediment electrical conductivity and 
groundwater electrical conductivity in seven estuaries.  Dominant range refers to species that covered more than 50% in 
replicate quadrats. Highlighted species in green refer to positive correlations. Highlighted species in pink refer to negative 
correlations between species and environmental variables. 
Species n Sediment Electrical Conductivity (mS cm
-1
) Groundwater Electrical Conductivity (mS cm
-1
)  
  Range Average Dominant 
Range 
Average Range Average Dominant 
Range 
Average 
Limonium 
scabrum 
18 17.6-70.27 40.3 cover did not exceed 6% 23.75-34.0 30 cover did not exceed 6% 
Lycium 
tetrandum 
6 30.07-87.7 53.21 cover did not exceed 4% 12.57-46.74 29.65 cover did not exceed 4% 
Sarcocornia 
pillansii 
99 17.27-98.6 47.62 17.76-93.77 47.43 12.57-139 69.3 20.27-118.53 81.52 
Salsola 
zeyheri 
33 17.27-98.6 53.55 cover did not exceed 33% 12.57-139 75.06  cover did not exceed 33% 
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 Table A3- 7: Supratidal salt marsh species occurrence in relation to measured clay, sand and silt fractions of the sediment 
in seven estuaries.  Dominant range refers to species that covered more than 50% in replicate quadrats. Highlighted 
species in green refer to positive correlations. Highlighted species in pink refer to negative correlations between species 
and environmental variables. 
Species n % Clay % Sand % Silt 
  Range Average Dominant 
Range 
Average Range Average Dominant 
Range 
Average Range Average Dominant 
Range 
Average 
Limonium 
scabrum 
18 3.22-
53.91 
23.71 cover did not exceed 
6% 
12.55-
86.16 
44.64 cover did not exceed 
6% 
0- 
84.23 
31.64 cover did not exceed 
6% 
Lycium 
tetrandum 
6 19.4-
62.28 
38.89 cover did not exceed 
4% 
44.95-
73.75 
56.40 cover did not exceed 
4% 
0-18 7.8 cover did not exceed 
4% 
Sarcocornia 
pillansii 
99 2.83-
79.52 
24.47 3.17-55.95 20.39 12.55-
97.17 
47.35 13.93-
74.84 
40.07 0- 
84.23 
28.18 0-72.04 39.54 
Salsola 
zeyheri 
33 7.89-
79.52 
27.59 cover did not exceed 
33% 
16.41-
92.11 
55.11 cover did not exceed 
33% 
0- 
71.24 
17.29 cover did not exceed 
33% 
 
 
 Table A3- 8: Supratidal salt marsh species occurrence in relation to measured depth to groundwater and distance to the 
estuary channel in seven estuaries.  Dominant range refers to species that covered more than 50% in replicate quadrats. 
Highlighted species in green refer to positive correlations between species and environmental variables. 
Species n Depth to Groundwater (m) Distance from Estuary Channel (m) 
  Range Average Dominant Range Average Range Average Dominant Range Average 
Limonium  
scabrum 
18 0.91-2.0 1.35 cover did not exceed 6% 200-300 250 cover did not exceed 6% 
Lycium  
tetrandum 
6 0.67-1.72 1.20 cover did not exceed 4% 200-300 250 cover did not exceed 4% 
Sarcocornia 
 pillansii 
99 0.51-2.17 1.11 0.51-1 0.71 90-300 179.4 90-200 109.1 
Salsola  
aphylla 
33 0.74-2.17 1.52 cover did not exceed 33% 100-300 209.1 cover did not exceed 33% 
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 Table A3- 9: Reed, sedge and grass species occurrence in relation to measured sediment electrical conductivity and 
groundwater electrical conductivity in seven estuaries.  Dominant range refers to species that covered more than 50% in 
replicate quadrats. Highlighted species in pink refer to negative correlations between species and environmental 
variables. 
Species n Sediment Electrical Conductivity (mS.cm
-1
)  Groundwater Electrical Conductivity (mS.cm
-1
)  
  Range Average Dominant 
Range 
Average Range Average Dominant 
Range 
Average 
Juncus 
kraussii 
36 3.77-38.47 19.41 9.34-38.47 25.59 0.1-44.6 20.9 10.91-29.4 19.74 
Phragmites 
australis 
6 7.23-35.3 19.77 cover did not exceed 32% 9.94-47.21 28.58 cover did not exceed 32% 
Sporobolus 
virginicus 
67 2.46-69.9 25.35 7.23-32.63 22.56 6.71-78.37 33.03 9.94-32.4 24.92 
Stenotaphrum 
secundatum 
28 1.3-27.72 13.38 1.3-27.72 13.22 0.1-44.6 19.26 0.1-44.6 21.11 
 
 
 Table A3- 10: Reed, sedge and grass species occurrence in relation to measured clay, sand and silt fractions of the 
sediment in seven estuaries.  Dominant range refers to species that covered more than 50% in replicate quadrats. 
Highlighted species in green refer to positive correlations. Highlighted species in pink refer to negative correlations 
between species and environmental variables. 
Species n % Clay % Sand % Silt 
  Range Average Dominant 
Range 
Average Range Average Dominant 
Range 
Average Range Average Dominant 
Range 
Average 
Juncus 
kraussii 
36 3.03-
32.51 
14.11 3.17-20.76 11.89 3.17-
58.03 
28.89 3.17-44.3 20.41 20.63-
93.67 
56.99 34.93-
93.67 
67.7 
Phragmites 
australis 
6 7.65-
20.83 
14.32 cover did not exceed 
32% 
27.91-
73.35 
43.4 cover did not exceed 
32% 
0- 
64.43 
28.47 cover did not exceed 
32% 
Sporobolus 
virginicus 
67 3.8-
37.47 
13.28 3.8-35.83 17.12 3.8-
87.27 
38.95 27.91-
70.77 
48.75 0.46-
91.08 
47.76 3.42-
64.43 
34.12 
Stenotaphrum 
secundatum 
28 7.65-
47.27 
19.85 8.45-47.27 21.5 7.23-
58.03 
42.14 19.38-
58.03 
44.83 0- 
82.94 
38.02 0- 
72.18 
33.67 
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 Table A3- 11: Reed, sedge and grass species occurrence in relation to measured depth to groundwater and distance to the 
estuary channel in seven estuaries.  Dominant range refers to species that covered more than 50% in replicate quadrats. 
Highlighted species in pink refer to negative correlations between species and environmental variables. 
Species n Depth to Groundwater (m) Distance from Estuary Channel (m) 
  Range Average Dominant Range Average Range Average Dominant Range Average 
Juncus  
kraussii 
36 0.09-1.16 0.49 0.09-0.33 0.19 5-185 72.94 5-95 46.07 
Phragmites  
australis 
6 0.49-0.54 0.52 Vegetation cover did not 
exceed 32% 
5-10 7.5 Vegetation cover did not 
exceed 32% 
Sporobolus  
virginicus 
67 0.11-1.2 0.54 0.49-0.93 0.73 5-360 140.87 10-360 198.82 
Stenotaphrum 
secundatum 
28 0.17-1.16 0.65 0.17-1.16 0.7 5-290 83.09 5-40 26.82 
 
 
 
